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Abstract
The purpose of this work is to determine the bulk density of meteoroids. Unlike
previous works which focused either on the dynamical properties of the meteoroids
(deceleration), ignoring fragmentation; or on fitting solely the lightcurves, neglecting
the dynamics of the meteoroids, we use both the photometry and astrometry to
constrain our model.
Our model, based on the dustball model, considers the meteoroid to be a collec-
tion of grains held together by a lower boiling point ’glue’. It uses conservation of
energy and momentum to model the change in velocity and the light production as a
function of time. The free parameters in the model (mass, density, heat of ablation,
temperature of fragmentation, boiling temperature, specific heat, molar mass, and
thermal conductivity) are varied from values consistent with fragile cometary mate-
rial, through asteroidal chondritic material, to solid iron, and the entire parameter
space is explored, giving all possible solutions which are consistent with the data.
An initial study used cameras with small fields of view to achieve high spatial
resolution. A total of 42 meteors were detected, but only six meteors were entirely
captured in the common observing volume of the cameras, and were therefore suit-
able for modelling. The modelling revealed that taking fragmentation into account
does not necessarily produce high bulk density values, nevertheless the fraction of
high density (nearly iron composition) meteoroids observed was higher than ex-
pected, and may be underestimated by other models.
In order to analyse more data, a model of saturation was developed to correct for
iii
meteors which were saturated on the 8-bit camera systems. The model was tested
on data collected in a special campaign, and found to reproduce the unsaturated
lightcurves correctly. This saturation correction was found to be very important in
correctly modelling the brighter meteors in the dataset for the final study.
Finally, 92 meteors were recorded on wider field systems using higher resolution
detectors to measure deceleration precisely. Density for each meteoroid was calcu-
lated, and the meteoroids were grouped by their orbital characteristics for analysis.
As expected, meteoroids with asteroidal origins had high densities of 4200 kg m−3 in
average, and those with Halley-type cometary orbits had low densities ranging from
380 kg m−3 to 1510 kg m−3. The asteroidal densities are higher than chondritic,
suggesting that some have significant iron content. Meteoroids from the Perseid
meteoroid stream had densities of 620§ 200 kg m−3, consistent with the sporadic
Halley-type meteoroids. The most surprising result was the high density of Jupiter-
family comets (3100§ 300 kg m−3 for Jupiter-family sporadics, and 3200 kg m−3
in average for the North Iota Aquariids, which are linked to Comet 2P/Encke).
This suggests that refractory material may be a major component of Jupiter family
comets in agreement with the surprising results of the Stardust mission on comet
81P/Wild 2.
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Chapter 1
Introduction
1.1 Background
Meteors, generally, are an atmospheric phenomenon caused by the entrance of parti-
cles from space (meteoroids or space debris) into the Earth’s atmosphere. This atmo-
spheric phenomenon occurs as particles heat up due to collisions with air molecules,
and when they reach a high enough temperature, lose atoms and molecules by
evaporation and spallation, a process called ablation. Subsequent collisions between
meteoroid atoms and air molecules produce excited meteoroid atoms and ionization.
As excited atoms lose energy, they emit light, and the meteoroid produces a long
column of ionization. We can therefore observe meteor phenomena by detecting the
luminosity from these light emitting meteoric atoms or by scattering radio waves
from the ionization.
The size limit of bodies that will ablate, producing a meteor, is influenced by
both their composition and their speed. The lower limit for very fast meteoroids is in
the neighbourhood of 10 microns (the corresponding mass would be less than 10−12
kg assuming a meteoroid density of 3000 kg m−3) (Jones and Kaiser, 1966). This
limit is called the micrometeoroid limit. Meteoroids smaller than this will radiate
energy away faster than they absorb it from collisions, and will be slowed without
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losing significant mass.
1.1.1 Meteor phenomenon
The penetration of a meteoroid into the Earth’s atmosphere at hypersonic velocity
can give rise to 4 different phenomena, depending mostly on mass and partly on
velocity (Ceplecha et al. 1998). In all four types of interaction, ions and free
electrons are produced during the atmospheric flight.
“Typical meteors”
“Typical” meteors are caused by meteoroids larger than 0.01 mm. Meteor magnitude
is a measure of brightness expressed in absolute magnitudes (100 km distance), as
determined through comparison with stars (Allen, 1973). A zero magnitude meteor
is produced by a 2-cm meteoroid at a velocity of 15 km s−1, by a 1-cm object at 30
km s−1, and by a body of 0.5-cm size at 60 km s−1. If the size of the meteoroid is
between 0.05 mm and 0.5 mm, the meteoroid is heated all the way through, but for
the meteroid larger than » 0.5 mm, only a surface layer down to a few tenths of a
millimeter will be heated, depending on the thermal conductivity. When the surface
temperature reaches about 2000 K - this usually occurs somewhere between heights
of 100 and 110 km - the meteoroid material starts to sublimate from the surface,
eventually surrounding the body with hot plasma. Excited states of atoms in this
plasma are gradually de-excited by radiation. Meteor light consists mostly of the
radiation of single discrete emission spectral lines, belonging for the most part to
metals, and in many cases mainly to iron (see Whipple, 1949, Opik, 1958, McKinley,
1961, Ceplecha et al. 1998, Borovicka, 2001 for more discussion).
The meteors analyzed in the course of this thesis project are all within the
“typical meteor” size regime.
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Fireballs, Bolides, Meteorite Falls
The atmospheric phenomena known as Fireballs, Bolides, Meteorite Falls occur when
bodies larger than about 20 cm (for 15 km s−1) enter the Earth’s atmosphere. In such
cases, the entire meteoroid mass does not have enough time to ablate totally, before
it slows down to a critical limit of about 3 km s−1. At this relatively low velocity,
there is not enough energy transported to the surface of the meteoroid to keep the
surface temperature above the ablation point. As the meteoroid surface starts to
cool, a thin melted layer on the meteoroid surface solidifies forming a crust typical of
meteorites (meteoric bodies recovered on the Earth’s surface). When ablation stops,
the visible portion of the trail disappears. The remnant mass (10 g or more) falls to
the Earth’s surface in dark-flight, and its velocity gradually approaches the free fall
velocity in a resisting medium (see Spurny, 1995, Ceplecha et al. 1998, Borovicka,
2005 for more discussion).
Explosive Impacts
The probability that any meteoroic body will survive the encounter with the Earth’s
atmosphere, giving rise to an explosive impact, is actually very low. If the meteoroid
is larger than several meters and sufficiently robust, deceleration will be limited.
In such cases meteoroid bodies will hit the Earth’s surface at hypersonic velocity
(Brown et al., 2008). When objects of such large mass strike the Earth’s surface with
a velocity of a few kilometers per second or more, the meteoroid plasma emits light
right to the point of contact with the Earth’s surface. Collisions of this type will
result in the formation of explosive craters (Roddy and Schoemaker, 1995, Ceplecha
et al. 1998).
Meteoric Dust Particles
The fourth type of interaction between a meteoroid and the Eath’s atmosphere is
not observed as a luminous phenomenon. Meteoric Dust Particles are produced by
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meteoroids of a size below several hundredths of a millimeter. The speed of these
smaller meteoroids slows to less than a few kilometers per second while they are
still high in the atmosphere. For these small particles, the evaporation regime is
never reached, and no hot vapors are present, i.e., there is no meteor phenomenon.
Such a meteoroid dust particle sediments slowly and mostly unchanged through
the atmosphere to reach the Earth’s surface (see Whipple, 1949, Love et al., 1994,
Ceplecha et al. 1998, Flynn et al., 2009).
1.1.2 Meteor trajectories
For typical meteors, the trajectory in the atmosphere can be considered a straight
line for the few seconds of the ablation phase during which time most of the mass of
the object is lost. Only for long-duration fireballs on nearly horizontal trajectories
does the curvature due to gravity become significant. The complete trajectory of a
meteoroid is given by the meteor radiant, or point in the sky from which the meteor
appears to originate (right ascension and declination, in equatorial coordinates) and
the speed. In general, the measured speed of the meteoroid will be slightly less than
the pre-atmospheric speed (v∞) due to atmospheric deceleration, which can be found
by extrapolation. The minimum possible pre-atmospheric speed is 11.2 km s−1, that
is the Earth’s escape velocity. The maximum possible speed for a meteoroid which
is gravitationally bound to the sun is 73.5 km s−1. This calculation assumes that
the meteoroid has the maximum solar system bound speed of 42.4 km s−1 at 1 AU,
and that it encounters the Earth (v = 30.2 km s−1) head on (see Ceplecha, 1987,
Ceplecha et al. 2000, Borovicka, 2001).
1.1.3 Origin of meteoroids
Meteoroids have two main origins: comets and asteroids. Comets produce mete-
oroids through the processes of sublimation (Whipple, 1949, Ceplecha et al., 1998,
Borovicka, 2001). Comets are mostly made of ice with embedded dust. As a comet
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approaches the Sun, the sunlight warms and sublimates huge amounts of ice. The
released gases drag dust from the surface and form a hazy “cloud” or temporary at-
mosphere called the “coma” around the comet. The weak gravity of a comet cannot
hold onto this temporary atmosphere and the coma is swept away from the comet
forming a tail. Disruptions of comets, in addition to normal cometary activity, also
produce meteoroids. Levison (1996) suggested a classification of comets based on
their Tisserand parameter with respect to Jupiter defined as:
Tj =
aj
a
+ 2
√
(1 ¡ e2) a
aj
cos(i) (1.1)
where aj is the orbital Jupiter’s semi-major axis, a, e and i are respectively
the comet semi-major axis, its eccentricity and its inclination. The classification of
comets is given in Figure 1.1.
Comets with T > 2 are designated ecliptic comets because they have small
inclinations. Comets with T < 2 originate from the Oort cloud and have a uni-
form inclination distribution. These, Levison calls nearly isotropic comets. Ecliptic
comets likely originate from the Kuiper Belt and scattered disk. This class of comets
is subdivided further into three groups (Levison, 1996):
1. comets with 2 < T < 3 are on Jupiter-crossing orbits and are dynamically
dominated by Jupiter. They are called Jupiter-family comets (JFC).
2. comets with T > 3 (not Jupiter-crossing) but a > aj (orbit is exterior to
Jupiter) are Centaurs and are named after the prototype Centaur (Chiron).
3. a comet that has T > 3 and semi-major axis (a) such that a < aj is designated
an Encke-type (the first comet to be found totally interior to Jupiter’s orbit,
meaning that the aphelion distance is less that aj).
Levison (1996) divides the nearly-isotropic comets originating from the Oort
cloud into two additional groups:
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Figure 1.1: Classification of comets (from Levison, 1996)
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1. new comets: these have a semi-major axis more than 10000 AU. Due to distant
gravitational perturbations from the giant planets, it is unlikely that these
comets will keep the same semi-major axis during successive passes through
the solar system. For each recording of this class of comets, they are considered
dynamically new.
2. returning comets: these have a semi-major axis less than 10000 AU. They
are most likely objects that have been through the planetary system before.
They are divided into two groups based on their dynamics: comets with a
small enough semi-major axis (a <40 AU) to be able to be trapped in a mean
motion resonance with a giant planet are designated as Halley-type and those
that have semi-major axes larger than that (a >40 AU) as external comets.
Meteoroids released from comets tend to have a large eccentricity (e) and some-
times high inclination (i). In contrast to meteoroids derived from comets, asteroids,
the second major source of meteoroids, produce meteoroids with small eccentricity
and low inclination. These meteoroids are freed by asteroids through collisions (Ce-
plecha, 1998). Asteroids are thought to be remnants of planetesimals (material from
the young Sun’s solar nebula) that have not grown large enough to form planets.
The majority of known asteroids orbit in the main asteroid belt between the orbits
of Mars and Jupiter. However, many different asteroid groups exist with significant
populations such as the Jupiter Trojans [objects that share the orbit of the planet
Jupiter around the Sun; each Trojan librates around one of the two points that re-
spectively lie 60◦ ahead of and behind Jupiter (these two points are called Jupiter’s
Lagrangian points of stability, L4 and L5)]. Another group is the near-Earth aster-
oids (NEAs). These are objects whose orbits bring them into close proximity with
the Earth will have a q value (perihelion) < 1.4 AU.
Apart from this dynamical classification, individual asteroids are categorized by
their characteristic spectra, with the majority falling into three main groups (de
Pater and Lissauer, 2001):
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1. C-type identified with carbon-rich composition. They are identical with car-
bonaceous chondrite meteorites.
2. S-type being mostly stony (identified with ordinary chondrite meteorites).
3. M-type posssibly of metallic compositions (identified with iron meteorites).
In our work we measure meteoroid density and will try to link small meteoroids
to their parent bodies based on dynamics and physical density values expected for
different small body populations. We will also try to understand and explain the
dynamical evolution of meteoroids after release from their parent bodies.
1.1.4 Meteor orbits
The orbit of a meteoroid can be calculated from the observed radiant and speed of
its associated meteor. Both are corrected for the rotation of the Earth (diurnal aber-
ration) and the gravitational attraction of the Earth (zenithal attraction), to obtain
the heliocentric position and velocity of the meteoroid prior to its encountering the
Earth (Ceplecha, 1987).
Most meteoroids, derived from asteroids or comets, begin their independent ex-
istance on an orbit very similar to their parent body. After leaving the parent body,
the orbit of the meteoroid is altered by close approaches to planets (particularly
Jupiter) and radiation forces, including the Poynting-Robertson effect (Burns et al.,
1979). Stream meteoroids are usually recently separated from their parent (decades
to a few thousand years), while sporadic meteoroids are tens of thousands to millions
of years separated from their parents. The orbits of sporadic meteoroids are usually
significantly altered from the parent orbit.
For several meteor streams, the individual parent comet is well known. For
instance, Eta-Aquariid meteor shower is produced by comet 1P/Halley, the Perseids
by the comet 109P/Swift-Tuttle. The parent body of the Taurid meteor shower is
2P/Encke, a Encke-type comet. The Geminids are associated with asteroid 3200
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Phaeton. Table (1.1) gives the list of the most pronounced annual showers. ZHR
in table (1.1) is the traditional measure of meteor shower activity (Zenithal Hourly
Rate). It is defined as the number of meteors observable by a single visual observer
with the radiant in the zenith under standard conditions with a stellar limiting
magnitude of +6.5 (Borovicka, 2001). If the radiant lies at an elevation h above the
horizon, the ZHR is given by the formula:
ZHR = HR/ sinγ h (1.2)
where γ is an empirical value estimated to be 1.4 and HR the observed hourly
rate of meteors from the shower in question. If the limiting magnitude for stars is
not 6.5, a correction is applied, which depends on the shower magnitude distribution
index χ defined as:
χ = n(m+ 1)/n(m) (1.3)
where n(m) is the number of meteors of magnitude m. The ZHR is given by:
ZHR = HRχ6.5−L (1.4)
where L is the actual limiting magnitude.
1.2 Motivation
Density is an important physical property of meteoroids. The study of a meteoroid’s
density can help determine the physical structure, and potentially the chemical
composition, of its parent body. However, this study remains difficult for two main
reasons:
1. the meteoroid is not a solid with a spherical shape ablating uniformly in the
atmosphere and remaining a single solid spherical body during its entire flight;
9
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it fragments.
2. the meteoroid has unknown shapes, structures, and chemical composition.
A meteoroid ablates and generates electromagnetic radiation (including visible
light) when it comes into contact with the Earth’s atmosphere. Many factors influ-
ence the height at which a meteoroid starts to ablate: the entry angle, the speed
of the meteoroid, its mass, the energy required to ablate the material of which it
is composed, its boiling point, its structure, and its bulk density (Campbell-Brown
and Koschny, 2004). All these different factors have to be taken into account when
modeling the meteoroid ablation.
The ablation behaviour itself differs considerably among meteoroids. There are
large variations in beginning heights, and lightcurve shapes among smaller mete-
oroids, and, in end height among larger meteoroids (see Ceplecha et al. 1998 for a
complete discussion). These differences have to do with the physical characteristics
of each meteoroid: composition, structure, bulk density and size. Koten et al. (2004)
for example studied the lightcurves and heights of video meteors and find significant
differences among meteors from major showers. They argue that this suggests the
parent bodies have different chemical compositions or physical structure.
Reproducing all these physical differences in a particular meteoroid ablation
model is already by itself difficult. Furthermore, the interpretation of these differ-
ences is substantially complicated by the process of fragmentation. Whether or not
small meteoroids undergo fragmentation remains an open question, and many other
questions need also to be addressed: (a) Does fragmentation occur before the onset
of, or during rapid vaporization? (b) Does it happen at a critical temperature or a
critical pressure?
Campbell et al. (2000) argued that fragmentation occurs before the process of
ablation starts: the grains are released, and then they undergo intensive ablation.
This procedure is consistent with the dustball meteoroid model (Hawkes and Jones,
1975; Jones and Hawkes, 1975). For the dustball model, meteoric bodies are as-
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sumed to be composed of grains held together by a lower boiling point ‘glue’: when
the binding melts, the grains are released. The dustball model predicts the weak
dependence of the beginning height, maximum height and trail length of the visible
meteor on the mass of the meteoroid (Campbell et al. (2000), Koten et al. (2004),
Hapgood et al. (1982), Beech, 1986) and the production of wake [grains of differ-
ent masses ejected from the meteoroid will decelerate at different rates, producing
physical wake from the spread in the grains (Fisher et al., 2000)].
Fragmentation for meteoroids is a very complex mechanism. Contemporary me-
teoroid ablation modelling concentrates on attempting to formalize the process:
† For Campbell-Brown and Koschny (2004), the fragmentation occurs when the
temperature of the surface is high enough to disrupt the binding matrix of
the meteoroid; the top layer of the meteoroid (to a depth determined by the
assumed thermal conductivity) is released all at once.
† Borovicka et al. (2007) suggested that grain separation started after the sur-
face of the meteoroid received a certain energy flux, calculated to be 106 J
m−2 (equivalent to requiring the surface to reach a particular temperature).
The meteoroid then gradually fragments into grains over the first half of its
trajectory, a process Borovicka et al. (2007) call thermal erosion. Meteoroids
resistant to this process may still disrupt mechanically at low dynamic pres-
sures.
Quantitative measurements of the bulk density of meteoroids are difficult to
make, due to the variety of ways fragmentation may be handled in modelling. Ce-
plecha (1967) calculated the density of small meteoroids and classified them into
four categories (A,B,C,D) based on a parameter, KB, which depends on: (a) the
atmospheric density at the beginning of the luminous trajectory, (b) the initial ve-
locity, and (c) the elevation of the radiant. Densities ranged from 2700 to 180
kg m−3 corresponding to categories A through D (carbonaceous material to fragile
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cometary). Asteroidal meteoroids were found to be rare among television meteors
and designated by ’ast’ (Ceplecha, 1998). Ceplecha did not measure the density of
individual meteors, but rather estimated the average density per class from assumed
theoretical parameters.
Babadzhanov (2002) examined 413 photographic Super-Schmidt meteors and
applied a model which assumed quasi-continuous fragmentation (QCF). His mete-
oroid densities ranged from 400 kg m−3 to 7800 kg m−3. Bellot Rubio et al. (2002)
questioned the validity of the high densities for small meteoroids. For him, two
questionable assumptions led Babadzhanov (2002) to these results:
† the fact that QCF is based essentially on fitting a model to the lightcurve,
without taking into consideration the dynamical properties of the meteoroids,
particularly the deceleration.
† the specific energy of fragmentation used by Babazhanov (2002) was underes-
timated by at least a factor of 10 compared to values adopted by most other
authors (e.g. Hawkes and Jones, 1975; Hawkes et al., 1978). Bellot Rubio
et al. (2002) point out that, with such a small heat of fragmentation, the
meteoroid will always fragment before reaching the “real” heat of ablation.
Analyzing the same meteors using the single body theory (assuming none of the
meteoroids fragment), Bellot Rubio et al. (2002) found densities ranging from 400 kg
m−3 to 4800 kg m−3. Since the characteristics of fragmentation are often observed in
the lightcurves of small meteoroids as transient increases in brightness (including in
the sample analysed by Bellot Rubio et al., 2002), Borovicka (2005) pointed out that
this is a shortcoming of Bellot Rubio’s work. Clearly, the lightcurves of meteoroids
should be fit with a model that takes into account the dynamical and photometric
properties of the meteors simultaneously.
13
1.3 Single body theory
For many decades theoretical models of the motion and ablation of a meteoroid in
a planetary atmosphere were based on the so called single body theory (Ceplecha et
al., 1998). The mathematical form of the differential equations of meteoroid motion
in the atmosphere is given by Whipple (1938) who used Hoppe’s solution (1937)
with constant coefficients. Levin (1961) and Bronshten (1983) presented a more
elaborate solution to differential equations of meteoroid motion and ablation in the
Earth’s atmosphere. Single body theory is concerned with deceleration, mass loss,
luminosity and ionization that accompany the motion of a single nonfragmenting
body in the atmosphere, on the assumption that the coefficient of drag, heat transfer,
luminosity and ionization, which figure in the fundamental equations, are constant
(Bronshten, 1983). Some researchers have attempted an approach with changing
coefficients (e.g. Bronshten, 1983 and Revelle, 1979).
The first fundamental equation expresses the deceleration of the meteoroid dur-
ing its flight in the Earth’s atmosphere. It is based on the assumption that the
momentum (mdv) lost by a meteoroid is proportional to the momentum of the on-
coming air flow (Bronshten, 1983). The mass impinging upon a cross-sectional area
S at velocity v in time dt is given by Sρvdt where ρ is the air density. We can then
write:
m
dv
dt
= ¡ ΓSρv2 (1.5)
where Γ is the drag coefficient, expresssing the fraction of the momentum of the
oncoming flow that is transfered to the body (Bronshten, 1983). The drag coeffi-
cient can vary between 0 (no transfer of momentum) and 2 (perfect reflection of
air molecules). We introduce another coefficient called the shape factor, A, defined
so that the surface area is S = Am2/3ρ
−2/3
d , where ρd is the bulk density of the
meteoroid. Substituting this in equation (1.5) gives:
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dv
dt
= ¡ ΓAρ−2/3d ρm−1/3v2 (1.6)
The second fundamental equation, called the mass-loss equation, is based on the
assumption that a certain fraction, Λ, of the kinetic energy of the oncoming air
molecules is expended on ablation (vaporization or fusion and spraying) of mass of
the meteoroid (Bronshten, 1983). If Q is the heat of ablation (energy that must
be delivered to a mass dm in order to melt and/or vaporise it), then the mass-loss
equation can be written as:
dm
dt
= ¡ ΛA
2Q
ρ
−2/3
d ρm
2/3v3 (1.7)
where Λ, the heat-transfer coefficient, is equal to or less than unity, since the energy
expended on ablation cannot exceed the total kinetic energy of the oncoming stream
molecules (Bronshten, 1983). Some of the air molecules’ kinetic energy will also be
used to heat the meteoroid to the point of ablation, some will be re-radiated by the
meteoroid, and some will be used to excite or ionize meteoroid and air molecules
(Bronshten, 1983). If fragmentation occurs, part of the energy is also used to break
the mechanical bonds between meteor grains. The combined effects of all these
forms of energy consumption is represented by the coefficient Λ (Bronhsten, 1983).
We can introduce two independent parameters which can be useful in describing
the ablation behaviour and solving the differential equations above: the ablation
coefficient σ and the shape-density coefficient K defined by (Ceplecha et al., 1998):
σ =
Λ
2QΓ
(1.8)
K = ΓAρ
−2/3
d (1.9)
Using (1.8) and (1.9), equations (1.6)(deceleration) and (1.7) (mass loss) can be
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rewritten in the form of:
dv
dt
= ¡ Km−1/3ρv2 (1.10)
dm
dt
= ¡ Kσm2/3ρv3 (1.11)
These two equations (1.10) and (1.11) are useful because by providing the po-
sition (height), mass, and velocity of the meteoroid at a given time, the geometry
of the trajectory (slope), the ablation coefficient, and the shape-density coefficient,
one can compute the subsequent meteoroid deceleration and mass loss (Ceplecha et
al., 1998, Borovicka et al., 2007).
The third fundamental equation, called the luminosity equation, gives the energy
released by the meteoroid as luminosity, usually at visible wavelengths. Most of the
radiation from the meteor comes from line emission of evaporated meteor atoms
(Bronhsten, 1983). This means that the composition of the meteoroid is important
in the production of light, since different elements have different line strengths in
the visible. This equation assumes that the radiation intensity I (luminosity) of the
meteoroid is proportional to some fraction, τ , of kinetic energy lost by the meteoroid
(Ceplecha, 1998):
I = τ
dEk
dt
(1.12)
In general, then, the equation will be:
I = ¡ τ
(
v2
2
dm
dt
+mv
dv
dt
)
(1.13)
where the negative sign indicates that both dm/dt and dv/dt are negative. Besides
the contribution to luminosity from mass loss, there may be a contribution from the
meteoroid deceleration. We can rearrange equation 1.13:
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I = ¡ τ
(
1 +
2
v
m
dv
dm
)
v2
2
dm
dt
(1.14)
Dividing the deceleration equation (equation 1.6) by the mass loss equation
(equation 1.7) gives an expression for dv
dm
:
dv
dm
=
1
σvm
(1.15)
and the luminosity equation becomes:
I = ¡ τ
(
1 +
2
σv2
)
v2
2
dm
dt
(1.16)
The term 2/(σv2) in equation 1.16 will contribute significantly to the radiation
only for slow meteors with a small ablation coefficient (Ceplecha et al., 1998). If
one is considering only small meteoroids where the deceleration is small, we can
simplify to the case where most of the light comes from the mass loss, as opposed
to deceleration:
I = τ
(
¡ dm
dt
)
v2
2
(1.17)
The luminous efficiency, τ , is not a constant parameter. It depends on the
spectral region of the observations, on the chemical composition of the meteoroid
and the atmosphere, on the meteoroid velocity and probably on the mass (Ceplecha
et al., 1998).
Some of the variables in the fundamental equations are determined from obser-
vations, some depend on the properties of the meteoroid, and others are estimated
theoretically. The air density ρ is usually determined by a model of the atmosphere
for all heights reached by the meteoroid (Bronshten, 1983). The velocity as a func-
tion of time and luminosity are determined from observations. The heat of ablation
depends on whether the meteoroid is vaporizing or spraying a molten layer, and
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depends slightly on the meteoroid composition. The drag, heat transfer and lumi-
nosity coefficients must be determined either from theoretical considerations, from
experiments, or sometimes by appeal to observational data (Bronshten, 1983). The
mass of the meteoroid is obtained either from equation 1.6 (dynamical mass) or
from equation 1.17 (photometric mass). The shape factor is not known, but the
meteoroid is usually assumed to be spherical, in which case A=1.21.
1.4 Fragmentation
Figure (1.2) shows two different methods of determining the meteoroid density,
which we will try to reconcile in our work: single body theory (Bellot Rubio et al.,
2002) and fragmentation (Babadzanov, 2002). The form of fragmentation considered
by Babadzhanov in his ablation model is that of quasi-continuous fragmentation,
third of the four forms defined by Levin (1963) which are:
1. The decay of a meteoroid into comparable large non-fragmenting debris.
2. The progressive disintegration of the original meteoroid into fragments, which
continue to crumble into smaller debris.
3. Quasi-continuous fragmentation (QCF): a gradual release of the smallest frag-
ments from the the surface of a parent meteoroid and their subsequent evap-
oration.
4. The simultaneous ejection of a large number of very fine particles giving rise
to meteor flares.
Bellot Rubio et al. (2002) found densities which ranged from 100 kg m−3 to
4500 kg m−3. The mean density was 2400 kg m−3 for A-group meteoroids, 1400
kg m−3 for B group and 400 kg m−3 for C group. Borovicka (2005) suggested
that the meteoroid bulk densities of Bellot et al. (2002), particularly for the C
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Figure 1.2: Comparison of the individual meteoroid bulk densities resulting from
the QCF model and the single body theory applied to the same data. All values
are in kgm−3. The dashed line indicates a one-to-one correspondance (from Bellot
et al., 2002)
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group, were underestimated. Borovicka (2005) suggests that the main reason for this
underestimation is the fact that they neglected to take into account fragmentation.
Babazhanov (2002) tried to determine the bulk density of the meteoroids through
the QCF model by fitting the observed light curve. He used 111 bright photographic
meteors belonging to different streams and found the mean density to vary in the
range from 400 kg m−3 (Leonids) to 2900 kg m−3 (Geminids). The mean bulk density
of sporadic meteoroids was equal to 2200 kg m−3. In general, the bulk densities of
meteoroids turned out to be one order of magnitude larger with the fragmentation
than without it. Borovicka (2005) also criticized this work on another point: that
it did not take into account the dynamic properties of the meteoroids. As Bellot et
al. (2002) used the single body theory based solely on the dynamic properties of the
meteoroids, arguing that some meteoroids, particularly most of C group meteoroids,
don’t undergo fragmentation and ended up with very low densities, Borovicka (2005)
noted that this was contrary to a large body of other observational data which show
fragmentation to be important; the fact that the fragmentation was neglected was
a serious shortcoming.
In our approach to determining the bulk density of the meteoroids, we want to
reconcile the two previous attempts by fitting both the light curve and the deceler-
ation simultaneously. In fact, we need a model able to predict both the dynamical
properties and lightcurves of the meteoroids. We will use the model of Campbell-
Brown and Koschny (2004) based on the Hawkes and Jones (1975) dustball model.
This model is applied to high resolution measurements of lightcurves and as-
trometry for a suite of faint meteors observed from two stations. In particular, our
measurement precision is high enough to allow routine observation of deceleration
for faint meteoroids ranging from +7 magnitude to +3 magnitude. This particular
model uses eight free parameters to produce a theoretical lightcurve, and allows the
velocity to vary with height along the meteoroid trajectory. Our methodology is to
explore the solution space of all possible parameters and compute for each meteor
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hundreds of thousands of solutions whose lightcurves and decelerations are then
compared to those observed. We find density limits for each meteor within which a
solution can be found; from the number of solutions at each modeled density, we get
a statistical measure of the density for each meteoroid and a measure of its error.
1.5 Model of Ablation
The dustball meteoroid model assumes meteoric bodies are composed of grains (usu-
ally assumed to be metallic or stony) held together by a lower boiling point ’glue’
(Hawkes and Jones, 1975; Jones and Hawkes, 1975; Popova et al. 2000). When the
boiling point of the ’glue’ is reached, grains become separated. Simonenko (1968a,
1968b) estimated from studies of meteor flares that the grains have a fundamental
size of approximately 140 micrometers. The dustball model of Hawkes and Jones
assumes that grain ablation begins at the onset of the visible meteor, with no light
production before the release of all of the grains. Hawkes and Jones calculated that
the energy required for the disintegration of meteoroids smaller than 10−5 kg was
around 2£ 106 J kg−1.
Beech (1986) applied the dustball method of Hawkes and Jones to Super-Schmidt
Draconid meteors observed by Jacchia et al (1955). he found that Draconids have
a mass up to 10−2 kg, with an average meteor beginning height of 97.6 km. To
disintegrate these meteoroids, they estimated the energy to be about 105 J kg−1.
Beech and Murray (2003) used also the meteoroid dustball to generate synthetic
Leonid meteor light curves. They considered meteoroids with total mass 10−6 kg
disrupted into grains with masses ranging from 10−10 kg to 10% of the total mass.
They applied the model to observed Leonid light curves of different shapes (early
peaked, symmetrical, distinctly late peaked) assuming a power-law mass distribution
of the grains with the mass distribution index, α, between 1.0 and 2.0. They found
an interesting variation in the fundamental grain sizes of Leonid meteors between
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1998 and 2001. They suggested that the 1999 Leonid meteoroids were relatively
rich in larger-mass fundamental grains, suggesting that some dustball meteoroids
are much richer in large-mass grains than predicted by a simple power-law model.
Campbell-Brown and Koschny (2004) modelled the ablation of dustball me-
teoroids in the atmosphere. While the traditional dustball model assumes that
light production begins once the small grains are all released, Campbell-Brown and
Koschny use the Clausius-Clapeyron equation to consider ablation before the boil-
ing temperature of each grain is reached. They used the model to fit Leonid light
curves using either a power law or a Gaussian distribution of grain masses, or a
combination of the two.
The model considers three sources and sinks of energy:
† energy imparted to the meteoroid by collisions with atmospheric atoms,
† the energy lost from the meteoroid by radiation,
† and the energy lost through evaporation of the meteoroid material.
The change in energy (dE) in an interval of time gives the change in temperature
dT : dTm = dE/cmth where c is the specific heat of the meteoroid material and mth
the mass of the meteoroid affected by the heat (in this case mth is actually the outer
shell, with a thickness determined by the thermal conductivity).
Taking into account all energy terms, the temperature equation is:
dTm
dt
=
1
cm
Λρv3
2
A
(
m
ρd
)2/3
¡ (1.18)
4σsb²
(
T 4m ¡ T 4a
)
A
(
m
ρm
)2/3
¡ Qdm
dt

where Tm is the meteoroid surface temperature, and Λ is the dimensionless heat
transfer coefficient which describes the fraction of the kinetic energy used to heat
the meteoroid (which can vary between 0 and 1). ρ is the atmospheric density, ρd is
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the density of the meteoroid and A is the shape factor of the meteoroid, as defined
in the section above (single body). Ta is the atmospheric temperature, σsb is the
Stefan-Boltzmann constant and ² is the emissivity of the meteoroid, assumed to be
0.9. Q is the heat of ablation.
The momentum of the air molecules colliding with the meteoroid in time dt
is ρv2A(m/ρd)
2/3dt. The dimensionless drag coefficient (Γ) can vary between 0
and 2 and is used to describe the fraction of momentum actually transfered to the
meteoroid: twice the momentum may be transferred if the collisions are perfectly
elastic and air molecules rebound directly back along their path. The ablation model
uses the momentum equation to keep track of the change in the meteoroid velocity,
and any deceleration. The momentum equation is the equation (1.6).
The classical model of meteor ablation assumes the mass loss is proportional to
the kinetic energy imparted to the meteoroid. The ablation begins as soon as the
surface of the meteoroid reaches the boiling temperature (e.g. Bronshten 1983). The
classical equation of the mass loss is then the equation (1.7).
In the Campbell-Brown and Koschny model, mass loss is calculated right from
the beginning of the trajectory. The mass loss is calculated using the Knudsen-
Langmuir formula, combined with Clausius-Clapeyron equation; a term propor-
tional to kinetic energy is added to simulate spallation of liquid material when the
meteoroid is very hot. The mass loss equation is:
dm
dt
= A
(
m
ρd
)2/3
ψ
Pa exp
(
Qµ
kBTM
)
exp
(
¡ Qµ
kBTB
)
¡ pv√
2pikBT
µ
(1.19)
where pv is the vapor pressure of the meteoroid substance and ψ is the condensation
coefficient, which gives the probability that an ablated meteor atom colliding with
the surface will recondense. For metals, ψ is 1: following Bronshten (1983), ψ of
stone is approximately 0.5. TB is the boiling temperature of the meteoroid substance
at sea level pressure (Pa), Q is the heat of ablation, µ the average mass of a meteoric
atom and kB the Boltzmann constant. For more details of this ablation model, see
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Campbell-Brown and Koshcny (2004).
1.6 Thesis goals
This work uses a new approach to determining meteoroid density, based on fitting
not only the light curve (as in Babazhanov 2002) or only the deceleration (as in
Bellot et al., 2002), but both measurements simultaneously. This requires observ-
ing instruments able to precisely measure the deceleration of meteoroids. We will
describe in chapter 2 the instruments we use to optimize the chance of measuring
the deceleration.
As the lightcurve is a critical constraint to the model, an accurate photometric
reduction technique is crucial. We will describe in chapter 2 a new photometric
method which, unlike the traditional approach, takes into account the quantum
efficiency of the observing instrument. In chapter 2, we will also describe in detail
the methodology used to compute the meteoroid density by fitting the dynamic
properties of the meteoroid and its lightcurve by searching the entire free parameter
space.
Chapter 3 describes the analysis of faint meteoroids captured by a system using
a long focal length lens attached to a Generation image intensifier the deep Gen II
instrument, where the scale of the video images (0.01◦ per pixel) provides a resolution
close to photographic (10 m per pixel).
Chapter 4 will present a new technique for photometric saturation correction, to
be used with the Gen III meteors (approximately 9% of our sample) which saturated
the instrument. This step is necessary before brighter meteors can be modelled.
Chapter 5 will calculate densities for meteroids captured by a suite of Gen III
cameras, which have sufficient resolution to detect deceleration with a wide field
of view, unlike the Deep Gen II system. The wide field of view ensures many
meteors begin and end in the field of view of one of the cameras, giving much higher
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numbers, and allowing an analysis of meteoroid bulk density as a function of orbital
parameters, among other things. The meteoroid bulk density combined with orbital
parameters will help us to understand the dynamical evolution of meteoroids.
Chapter 6 presents our conclusions, summary and suggestions for future work.
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Chapter 2
Instrumentation and Methodology
2.1 Introduction
Successive improvements in radio and optical instruments (radar, photographic
Super-Schmidt, and intensified video systems, for example) have contributed in
improving considerably our knowledge of meteoroids and their physical properties
(composition, structure, etc.). These physical properties depend mostly on obser-
vation of meteoroid deceleration and mass ablated as a function of time. Precise
observations of position and brightness or ionization at many points along the meteor
trail are then required in the study of meteoroids.
There are mainly two ways of directly observing meteoroids: radio and optical
observations. The advantage of radio is that meteors can be observed in daytime
and through clouds. However, there is a drawback: transverse backscatter systems
provide ionization information for only one point (or, with special systems, a handful
of points), not sufficient for meteoroid compositional studies. Radial scatter (High
Power Large Aperture, or HPLA) systems can measure ionization at many points
(Campbell-Brown & Close, 2007), and can be used to generate ionization curves, but
the observing biases and calibration from scattered power to mass are still poorly
understood.
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Valuable knowledge of the complex physical structure of meteoroids comes from
the analysis of meteors recorded using optical instruments and particularly Super-
Schmidt photographic cameras (Jacchia &Whipple, 1961). In fact, Jacchia, Verniani
& Briggs (1967a,b) provided precise information on meteors down to a magnitude
of about +3: orbits, trajectories, decelerations and lightcurves of over four hundred
meteors were for the first time available. From these analyses, and earlier work
by Jacchia (1957), the general perception of a meteoroid as a conglomerate of tiny
grains began to emerge. Differential deceleration (inferred from the presence of
wake), irregularities in light curves and shorter trail lengths enhanced the idea that
meteoroids are conglomerates of tiny grains.
Restricted to meteors brighter than magnitude +3, Super-Schmidt cameras could
not reveal the totality of meteoroid physical properties. This project became possible
by extending optical techniques to fainter meteors with the introduction of low-light-
level electro-optical techniques in the 1960s, modern versions of which, coupled with
image intensifier, have limiting stellar magnitudes from +6 to +9 (see Hawkes and
Jones, 1986).
The sensitivity of image intensified video is much greater than photographic
film, but it has drawbacks. TV systems typically have much lower spatial resolution
than photographic film making it difficult to compute with high accuracy meteoroid
trajectories and orbits. Even for photometry, there is a difficulty: video is typically
digitised as 8-bit grayscale images, meaning each pixel can have a value from 0 to
255. A pixel saturates when too many photoelectrons are collected on one pixel,
exceeding its full well capacity (Howell, 2000). When a pixel is saturated, blooming
occurs while the image of a bright object spills onto neighbouring pixels; however, the
maximum pixel value is truncated at 255 resulting in underestimating the brightness
of the object and consequently its photometric mass.
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2.2 Instrumentation
We used four different camera systems in our work: a deep Gen II system (descibed in
Chapter 3), a Gen III system (Chapter 4 and Chapter 5), a Gated camera (Chapter
5) and the Cooke camera system (Chapter 5). We used this variety of instruments
to examine meteoroid density over a range of masses and with different precisions.
The six meteors captured by the Gen II systems and for which density (see
Chapter 3) has been estimated were not affected by saturation. At the same time,
the field of view of the system was small (about 6◦), meaning that the spatial
resolution of the images is high. The deep Gen II system provided images with
a scale of about 6 m/pixel, allowing meteoroid decelerations to be measured very
precisely. The drawback of the deep Gen II system is the small number of meteors
captured, and the prevalance of partial trail observations.
The Gen III systems also produce images digitised at 8-bit grayscale resolution,
meaning they are likely to experience saturation effects. About 10% of our Gen III
data set were saturated (see Chapter 4 for details of the correction).
The spatial resolution of the Gen III systems is relatively poor, but their wide
fields allow us to capture the entire trail of most meteors. The Gated camera, with
a resolution of about 50 m/pixel, is used simultaneously with the Gen III systems to
help constrain the deceleration of meteoroids. We don’t use the Gated camera for
photometry, because each frame contains many closely-spaced images of the meteor,
which contaminate one another, making photometry unreliable. The Cooke camera
system is excellent for both astrometry and photometry. The images captured by
this system have 14 bit optical depth, meaning that for meteors in our size range,
no saturation occurs. The disadvantage of the Cooke system is the slower frame
rate, making the trail of the meteor in each frame so long that it can be difficult to
detect possible fragmentation events occurring in one frame.
Table 2.1 gives a summary of the instruments used in this work. The next
sections describe each setup in detail.
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2.2.1 Observations
Our entire work was based on 151 meteors gathered from 2004 to 2009 (see table
(2.2) for more details).
2.2.2 Image intensifiers
Typical limiting stellar sensitivity for a commercial video rate CCD is about +2
astronomical magnitude, and one would require hours of recording for a single me-
teor, except during a strong shower (Hawkes, 2002). To improve the sensitivity for
meteors, the approach which has been used in meteor research is to interface the
CCD to an image intensifier.
Image intensifiers are essentially light multiplication imaging devices. They have
an input window and an output phosphor, with the image on the output phosphor
being much brighter than that which is incident on the input window (Hawkes, 2002).
They employ a microchannel plate (MCP), which works similarly to a multi-stage
photomultiplier tube (PMT). A PMT consists of an evacuated glass tube, on one
end of which is photocathode (a film of material such as Indium antimonide). This
photocathode has the property that if it is struck by a photon, an electron is often
liberated from the material. Each electron liberated from the cathode is directed
away from the cathode by an electric field, and is amplified into a pulse of electrons
by a series of metal plates (called dynodes) and an accelerating electric field in the
tube (Romanishin, 2001). We have thus the situation where a single photon hitting
the cathode results in an easily counted pulse of many electrons (figure 2.1). The
drawback of a PMT is that it is essentially a single channel device, meaning that
there is no positional information in the signal.
In a MCP, like in a PMT, electrons are released at a photoelectrode and are ac-
celerated towards a high positive potential (Hawkes, 2002). The optically released
electrons are guided down many tiny microchannel plates, and a cascade effect is
created when a high energy electron strikes the MCP wall and generates several
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Figure 2.1: Schematic diagram of a photomultiplier tube (PMT). The high voltage
supply creates an electric field that accelerates electrons along the tube. At each
dynode, an impinging electron releases several electrons, which are then accelerated
towards the next dynode, where each of them knock loose several more electrons.
Through this cascade, a single photon hitting the photocathode releases an easily
counted pulse of many electrons (after Romanishin, 2001).
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Figure 2.2: The energy of the incident photons is used to release electrons from the
photocathode. They are accelerated in a strong electrical field in the microchannel
plate, with electron multiplication taking place. The electrons strike a phosphor,
recreating a light image which is many thousands of times brighter than the original
image (from Hawkes, 2002).
secondary electrons. The principle of operation of a microchannel plate image in-
tensifier is shown in figure (2.2).
MCP is the technology behind second (Gen II) and third (Gen III) generation
image intensifiers. A typical gain of 35,000 can be achieved in a single stage. In the
CCD meteor observation system, the MCP is placed between the objective lens and
the CCD. In our systems either a Gen II or a Gen III, intensifier is mounted to a
Cohu 4910 CCD. Figure (2.3) shows a complete video-based MCP image intensified
CCD meteor observation system (Hawkes, 2002).
2.2.3 Second generation image intensified systems: Gen II
In our observations, second generation (Gen II) (Fig. 2.4) refers to a 25mm diameter
Litton microchannel plate image intensifier with S-20 spectral response. Gen II
intensifiers have a spectral response from 340 - 870 nm, and have less sensitivity
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Figure 2.3: A block diagram of a lens-coupled microchannel plate image intensified
CCD meteor observation system (from Hawkes, 2002).
in the red, and shorter tube lifetimes, than Gen III intensifiers, but are otherwise
comparable. They are significantly more sensitive than Gen I intensifiers whose
luminous gain is typically 75 against 35000 for Gen II. Gen II intensifiers are also
less susceptible to blooming when imaging bright point objects.
Gen II intensifiers were used in these systems because they were simpler to inte-
grate with the large lenses required to capture images with good spatial resolution,
which are able to detect deceleration of the meteoroid during its flight in the Earth’s
atmosphere. We used a catadioptric objective lens with 155 mm focal length with
f/0.75. The intensifiers were lens coupled to Cohu 4910 series video CCD cameras,
which are high performance, relatively sensitive, monochrome CCD cameras with
analog output (Hawkes et al., 2001).
The field of view of the system was 5.4◦ £ 4.1◦, producing a resolution of 0.008◦
per pixel (0.48′ per pixel). For a meteor occuring at a range of 100 km, one pixel
represents 13 m, close to photographic resolution which is around 10 m. The limiting
stellar magnitude was around +11.
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Figure 2.4: The deep Gen II system. Component (a) is a 155mm f/0.75 Catadioptric
lens, (b) is a Litton 25 mm diameter Generation 2 image intensifier, (c) is a relay
lens which focuses the light from the output phosphor at the back of the Gen 2 to
the CCD camera, shown as element (d). The CCD used is a COHU model 4910
which records 30 NTSC frames per second at 640x480 resolution. This output is
then streamed to a digitizer and computer and stored to disk.
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2.2.4 Third generation image intensified systems: Gen III
The third generation (Gen III) systems (Fig. 2.5) are based on an ITT Nite-
Cam (model 380i) microchannel plate image intensifier with 18 mm GaAs detectors
(Hawkes et al., 2001). These intensifiers were lens coupled to the same Cohu CCDs
as the Gen II systems. On each of the two systems, a 25mm Fujinon f/0.85 lens was
used as the objective.
Gen III intensifiers are similar to Gen II, in that they are less susceptible to
blooming than first generation intensifiers when imaging bright point objects. The
main improvements over previous generations are tube lifetime, sensitivity at longer
wavelengths and the elimination of persistence from one video frame to another,
making it possible to accurately measure the light from the meteor in each frame.
The 8-bit, 640x480 pixel images were streamed directly to computer at the standard
NTSC rate of 30 interlaced frames per second and digitized onto disk. No compres-
sion routines were involved in the storage of the image data. Individual deinterlaced
fields (60 per second) were used in this work (see also Hawkes et al., 2001).
The field of view of each system was 34.4◦ x 24.9◦, producing a resolution of
0.05◦ per pixel (3.1′ per pixel). For a meteor occuring at a range of 100 km, one
pixel represents 94 m. The limiting stellar magnitude of each video camera system
was +8.5 to +9.5.
2.2.5 Gated intensified system
The Gated camera is a QImaging Intensified Retiga CCD camera (model 1394) with
an integrated Gen III image intensifier (figure 2.6) using a ITT NiteCam microchan-
nel plate image intensifier with 18 mm photocathode. It produces 14-bit, 1360 £
1036 pixel images. The intensifier can be electronically gated, allowing multiple
short exposures to be taken in each CCD frame. An internal electronic device is
responsible for setting both the length of the CCD exposure, and the rate of gating.
The rate of the CCD exposure time and the gating system frequency are controled
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Figure 2.5: Component (a) 25 mm f/0.85 Fujinon objective, (b) Gen III Nitemate
(380i), (c) Cohu 4910 CCD, (d) Analog CCD output to be digitized at the computer.
through an external box (figure 2.7).
During all the campaigns where the gated system was used, the CCD exposure
time was set to 5 frames per second (200 ms) and we used two frequencies for the
gating system. From 2006 to 2007, we used 200 Hz, and from 2008 to 2009, to ensure
that dotlike meteor images were well separated (eg figure 2.8), we used 100 Hz. The
intensifier duty cycle was set to 1:5, meaning that the intensifier was on for 1 ms
in each gating interval from 2006 to 2007, and 2 ms from 2008 to 2009. The gated
system was used with a 50-mm Fujinon f/0.75 lens, giving a field of view of 15.2 ◦
£ 11.5 ◦ and pixel scale of 0.01◦.
2.2.6 Cooke cameras
From 2009 onward, the Gen III systems were replaced by high resolution systems,
hereafter called Cooke systems, after the name of the camera manufacturer (Cooke
Corporation). They operate automatically and collect data whenever the appropri-
ate conditions of weather and darkness are met. They consist of a Cooke pco.1600
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Figure 2.6: The QImaging Intensified Retiga (model 1394) electronically gated image
intensified camera.
Figure 2.7: External box which controls the rate of the CCD exposure and the
gating system frequency.
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Figure 2.8: Meteor 20090825-065903 recorded with the gated camera on August 25,
2009 at 06:59:03 UTC at Brussels, Ontario, Canada. The frequency of the CCD was
set to 5 Hz and the frequency of the gating system was 100 Hz.
camera lens coupled to a Gen III intensifier. The system, when used with a 25-mm
Fujinon f/0.85 objective lens, has a field of view of 20.67 £ 20.67 with images of
1024 £ 1024 pixels, giving a scale of 0.02◦ per pixel (1.21′ per pixel). For a me-
teor occurring at an altitude of 100 km, 1 pixel represents 35 m. The camera was
operated at a rate of 20 progressive scan frames per second.
2.3 Methodology
2.3.1 Astrometry
We used standard astrometric techniques (Ceplecha et al. 1998, Ceplecha et al. 2000,
Hawkes, 2000, Koten et al. 2004, 2006, 2007, Borovicka et al. 2007, Kikwaya et al.
2009) to extract the astrometric positions of meteors. These positions are calibrated
using field stars. These are the different steps for the astrometric procedure.
1. We find the pixel locations of the stars using a centre-of-mass algorithm (How-
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ell, 2000), and we compared the pixel locations against the SKY2000v4 cata-
logue (Myers et al. 2001).
2. We convert the star right ascension and declination into local zenith and az-
imuth angles using standard routines (see Explanatory Supplement to the
Astronomical Almanac, Seidelmann and Urban, 2010). We use a third order
polynomial least squares fit across the field to convert pixel value (x,y) to az-
imuth and altitude (Hawkes, 2002); in order to fit a frame close to or including
the zenith, we use rotation to re-reference each point so that no singularities
occur.
3. We reference all star coordinates about the centre of the frame. After this,
they are projected onto a plane, and then fitted against the pixel locations.
We use the third order fit instead of a second order fit which may be adequate
simply for better lens distortion corrections.
4. The errors in the fit are calculated based on the angular separation between the
catalogue and fitted coordinates to allow a single error for each star. This is
more meaningful than quoting separate errors for azimuth and zenith angles,
knowing that azimuth error is dependent on the zenith angle. On the Gen
III systems for example, typical errors of 0.016◦ are found for the fits, which
represents » 0.32 pixels for these systems (meaning the stars are located to
better than a pixel with the centroiding). On the gated system, the calibration
errors were around 0.007◦ (corresponding to 0.6 pixels), and on the Cooke
system errors were around 0.012◦ (0.3 pixels).
5. We measure manually the meteor positions by selecting a point on the leading
edge of the meteor. This technique results in errors (due to lack of sub-pixel
precision) of order 1-2 pixels and constitutes the dominant source of error in
our measurements. We don’t use centroiding for meteor positions because the
meteor images are elongated.
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6. After the astrometric positions of the meteor (astronomical azimuth and zenithal
angle of each point of the meteor from each station) have been calculated for
a given field (or frame), we use software developed by Borovicka (1990), called
Milig, to compute the in-atmosphere trajectory of all simultaneous meteors.
This software calculates the physical position of the meteor in the atmosphere,
including the height, range to each station, and distance along the trail as a
function of time by performing a non-linear least squares fit of all sight lines
from all stations.
7. When we find the trajectory line, we can compute the velocity from each
station for each pair of points on the trajectory. The pick error is large point
to point since small errors introduced in the determined position of the meteor
(of order 1 pixel) in each frame produce large random errors in the velocity at
each point.
8. To produce a smoother measurement of velocity versus time (or height), we
use a filtering technique (see Kikwaya et al. 2009). This technique consists
of calculating the speed using measurements from widely separated images
instead of neighbouring images (the number of points skipped varies between
5 and 15 for the Gen III systems, between 15 and 25 for the Gated camera, and
between 5 to 10 for Cooke system). This smoothing acts as a low pass filter
for our data, discarding the high frequency velocity jitter. This smoothing
technique allows the deceleration to be seen clearly.
Figure (2.9) shows the raw velocity profile for the Gen III and Gated system
for meteor 20060503-091349 recorded on May 3, 2006 at 09:13:49 UTC in Tucson,
Arizona. The deceleration in these data is clear even without smoothing. We can
make the presence of deceleration clearer by plotting the difference in position be-
tween a meteoroid travelling at constant speed and the observed one (Fig 2.10). The
computed distance along the trail for the hypothetical non-decelerating meteoroid
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Figure 2.9: Trajectory solution of the meteor 20060503-091349, computed with the
code Milig (Borovicka, 1990). Three cameras (two Gen III systems (S and T) at Kitt
Peak and one (T) at Whipple Observatory in Arizona, USA) give four trajectories:
S-T (trajectory at Kitt Peak from S and T), T-S (trajectory at Whipple Observatory
from S and T), G-T where G is the gated camera (trajectory at Kitt Peak from G and
T) and T-G (trajectory at Whipple Observatory from G and T). The velocity shown
is for each trajectory pair in turn using the first camera in the pairing. No smoothing
has been applied (see table (2.2) for a summary of the observing locations).
is lic =
v∞
ti
where v∞ is the pre-atmospheric velocity of the meteor, ti the time since
the start of the trajectory, and i the frame number.
To determine the pre-atmospheric velocity (v∞) for each meteor, we took a series
of points at the beginning of the trajectory, the number of which was equal to the
number of points used to smooth the curve. We plotted the distance along the
trail of the meteor on each of these frames versus time, and applied a first order
linear least squares fit. The slope of this line is taken to be the pre-atmospheric
velocity of the meteor. The error on the pre-atmospheric velocity was calculated
as the standard deviation of the inital velocities of the same meteor using different
cameras. The pre-atmospheric velocity of the meteor 20060503-091349, for example,
was 61.30 § 0.99 km s−1.
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Figure 2.10: Plot showing the deceleration of the meteor 20060503-091349. lc is the
computed length along the trail assuming a constant velociticy of 61.3 km s−1 in
this example. lo is the observed length along the trail as function of height. Each
camera pair produces a seperate, quasi-independent measure of velocity, with the
first camera in each pairing plotted.
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Figure 2.11: Velocity profile of the meteor 20060503-091349. We have inserted error
bars at each point along the trajectory.
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Errors in velocity at each point on the trail are the result of a combination
of systematic error and random error when picking the position of the meteor on
each frame along its trajectory. To estimate the systematic error, we compared the
measured positions of the same meteor as found by 9 persons ( see for example tables
(2.3) and (2.4) showing positions of the meteor 20060504-093103 measured by two
different persons). This process was repeated for 8 meteors resulting in a series of
14040 error estimates. Overall, we found that the systematic shift from one person
to another was about 0.6 pixels, which we then took to be the systematic error (Fig.
2.12). The random error is evaluated using the trail fit residuals, since the meteor
is a straight line to high precision. Knowing the angular velocity of the meteor and
the scale of the image, we were able to find the random point-to-point error from
this average residual fit. For the Gen III systems, the random error ranged from 0.2
to 0.3 pixels; for the gated camera, it was between 0.4 and 0.6 pixels; and for the
Cooke cameras, the random error was about 0.5 pixels. We added these two types
of error to all measured points of a particular meteor in a Monte Carlo simulation,
where Milig was run 2500 to 5000 times per event, with the trajectory calculated
for each clone. We were then able to determine physical errors in position, height,
range and velocity for each measured point of the meteor.
2.3.2 Photometry
We used standard routines for meteor photometry. Briefly, our procedure was to flat
field each frame, and then to compute the photometric magnitude of the meteor by
calibrating the log-sum-pixel of the meteor with those of surrounding stars (Hawkes
et al., 2001; Hawkes, 2002, Kikwaya et al., 2009, Kikwaya et al., 2010). Figure
(2.13) shows an example of this photometric calibration. A total of about 100 stars
are used. The log sum pixel of each star is calculated by taking a disc covering the
whole star and a surrounding ring representing the background. The median value of
pixels in the background ring is subtracted from the disc (taking into account pixel
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Table 2.3: Positions of meteor 20060504-
093103 measured by one person. Zero de-
gree of the azimuth angle is located at
East, North is -90 degrees and South is
+90 degrees.
# of frames x y zen angle azimuth
pixels pixels (◦) (◦)
34 378 263 17.990 -88.125
35 378 259 17.778 -88.131
36 378 254 17.513 -88.137
37 378 249 17.248 -88.145
38 378 244 16.983 -88.152
39 378 240 16.771 -88.159
40 378 235 16.506 -88.167
41 378 231 16.294 -88.174
42 378 226 16.029 -88.183
43 378 222 15.817 -88.191
44 378 218 15.605 -88.199
45 378 213 15.340 -88.209
46 378 208 15.075 -88.220
47 378 204 14.863 -88.229
48 378 200 14.651 -88.239
49 378 195 14.385 -88.251
50 378 190 14.120 -88.264
51 378 186 13.907 -88.275
52 378 181 13.642 -88.289
53 378 176 13.376 -88.304
54 378 172 13.164 -88.317
55 378 168 12.951 -88.330
56 378 163 12.685 -88.347
57 379 159 12.472 -88.585
58 379 154 12.206 -88.608
59 379 149 11.940 -88.633
60 379 145 11.726 -88.654
61 379 140 11.460 -88.681
62 379 135 11.193 -88.710
63 379 131 10.979 -88.734
Table 2.4: Positions of the same meteor
(20060504-093103) measured by another
person. Zero degree of the azimuth an-
gle is located at East, North is -90 degrees
and South is +90 degrees.
# of frames x y zen angle azimuth
pixels pixels (◦) (◦)
34 378 263 17.990 -88.125
35 378 259 17.778 -88.131
36 378 253 17.460 -88.139
37 378 249 17.248 -88.145
38 378 245 17.036 -88.151
39 378 240 16.771 -88.159
40 378 237 16.612 -88.164
41 378 232 16.347 -88.172
42 378 227 16.082 -88.181
43 378 223 15.870 -88.189
44 378 219 15.658 -88.197
45 379 214 15.394 -88.389
46 379 209 15.128 -88.403
47 379 205 14.916 -88.414
48 379 200 14.651 -88.429
49 379 195 14.386 -88.445
50 379 191 14.173 -88.458
51 379 186 13.908 -88.476
52 379 181 13.642 -88.494
53 380 176 13.377 -88.721
54 379 172 13.164 -88.529
55 380 165 12.793 -88.776
56 380 162 12.633 -88.792
57 379 157 12.366 -88.594
58 380 153 12.154 -88.842
59 380 148 11.887 -88.873
60 380 143 11.621 -88.904
61 380 140 11.460 -88.924
62 380 134 11.140 -88.966
63 380 128 10.819 -89.010
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Figure 2.12: Systematic shift found by comparing positions of the same meteor
measured by 9 persons. The standard deviation of the Gaussian fit was 0.6 pixels,
which we took to be the systematic error.
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Figure 2.13: Photometric stellar calibration for Gen III camera on April 20, 2007 at
08:23:56 UTC at Elginfield (see table (2.2) for a summary of the observing locations).
areas), and the instrumental magnitude of the star is computed as the logarithm of
the sum of the pixel intensities in the disc: these are compared to catalog V (visual)
magnitudes (from SKY2000v4, Myers et al., 2001) with a linear fit to obtain the
calibration. The meteor log-sum-pixel is found by manually selecting the brightness
region of the meteor in each frame. This photometric mask extended as far back as
the leading edge of the meteor as measured on the previous frame, but no further,
to avoid contamination from persistance.
R magnitude calibration versus V magnitude calibration
The Gen III and Cooke system are more sensitive in the R (red) band than Visible.
The spectral response of the Gen III cameras, for example, covers a range from the
Blue band to the Infrared band, with a peak around 40% quantum efficiency in the
Red region. A bandpass is the overall sensitivity of an instrument as function of
wavelength: it includes the effects of filters, plus characteristics of the detector. The
spectral response of the gated camera, compared to the Gen III, is visibly extended
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Figure 2.14: Spectral responses of Gen II, Gen III and Gated camera (extended
blue).
in the blue region. The Gen II system has the lowest spectral response and peaks
around 25% in the visible region (see Fig. 2.14).
Because the Gen III systems are more sensitive in the R band than the V band,
the R band gives less scatter when plotting instrumental magnitude versus catalogue
R magnitude (see for example the photometric stellar calibration of the Gen III
system using the catalogue Vmagnitude (Fig. (2.15) and the catalogue Rmagnitude
(Fig. 2.16). The linear fit where the catalogue V magnitude is used has an intercept
with an error of 0.20 Magnitude, almost twice the error of the intercept when the
catalogue R magnitude is used. The catalogue R is for us the best choice for the
photometric stellar calibration; nevertheless, we chose to use stellar V magnitudes
for calibration. This is justified first by the fact that the luminous efficiency for
meteors has only been estimated in the V band (Ceplecha et al., 2000, Koten et al.,
2006). Secondly, we estimated the color term between Johnson-Cousins V bandpass
and R bandpass using actual meteor spectra (Borovicka et al., 2005) by performing
synthetic photometry. In this procedure, we multiplied the meteor spectrum by
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Figure 2.15: Photometric stellar calibration for Gen III camera on April 20, 2007 at
08:23:56 UTC at Tavistock. The stellar V catalogue is used. The linear fit has an
intercept with an error of 0.20 Magnitudes.
the appropriate bandpass, and integrated to get a total meteor intensity in each
band. Each intensity I was converted into a magnitude M using I = 10(M/−2.5)
(see table 2.5). The difference between the R and V magnitudes gives an average
correction factor which can be added to a calculated meteor R magnitude to obtain
the V magnitude (we use the average value of V-R to correct the lightcurve). This
is the correct technique for obtaining V magnitudes from a calibration using R
stellar magnitudes; we found, however, that it agreed closely with meteor magnitudes
calculated directly using the V magnitude in the stellar calibration (Fig. 2.17).
For this reason, we used the simpler procedure of calibrating each image with V
magnitudes directly.
Having addressed the issue of photometric calibration, we need to look at the
error in the meteor magnitudes. For each meteor, a stellar calibration is performed
using a linear fit on a plot of instrumental stellar magnitude (log-sum-pixel) versus
catalogue V magnitude to find the relationship between log sum pixel and magni-
tude. The slope of this fit is forced to be unity as the relative change in catalogue
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Figure 2.16: Photometric stellar calibration for Gen III camera on April 20, 2007 at
08:23:56 UTC at Tavistock. The stellar R catalogue is used. The linear fit has an
intercept with an error of 0.13 Magnitudes.
Table 2.5: Table of synthetic photometric magnitudes using observed video meteor
spectra. Values of multiplication of the meteor with the V bandpass and the R
bandpass are given. The color term (V-R) is shown for each meteor. Meteor spectra
come from Borovicka et al. 2005. The average of Mag(V-R) is 0.7538§ 0.0898.
Spectra Multiplication V bandpass Multiplication R bandpass Mag (V-R)
S557 2.68E+09 5.51E+09 0.7844
SZ1054 7.77E+09 1.98E+10 0.8152
SZ1098 1.52E+09 3.57E+09 0.9257
SZ1315 5.58E+08 1.12E+09 0.7544
SZ1422 2.66E+09 5.79E+09 0.8456
SZ1711 2.27E+09 4.18E+09 0.6646
SZ2197 1.13E+09 3.00E+09 0.6609
SZ2199 1.70E+10 3.37E+10 0.7405
SZ1350 2.58E+09 4.83E+09 0.6824
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Figure 2.17: Lightcurve of the meteoroid 20060430-084301, determined using both
catalog V magnitude and catalog R magnitude. When the R magnitude curve is
corrected using the V to R conversion, it agrees with the V magnitude curve.
magnitude and instrumental magnitude are proportional. Our fit establishes the un-
known intercept of this linear fit. The typical error for a star is 0.1-0.3 magnitudes
defined as its deviation from this best fit line (see Fig. 2.13). At fainter magnitudes,
this error is dominated by counting statistics and shot noise in the intensifier. At
brighter magnitudes, the error is primarily due to uncertainty in the photometric
calibration. The total error is determined using standard error techniques, where
the standard deviation of the photon count is governed by Poisson statistics. This
gives an error in the photometric magnitude of 2.5/
p
N (where N is the pixel in-
tensity sum, proportional to the number of photons), to which the error from the
photometric calibration is added. The magnitude of the meteor is calculated from
the calibration and corrected to an absolute magnitude (i.e. the magnitude of the
meteor if its range was 100 km from the observer: McKinley, 1961):
Ma =Mv ¡ 2.5 £ 2 log10(R/100) (2.1)
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Figure 2.18: The absolute lightcurves of the meteor 20060503-091349 obtained after
applying the different photometric techniques (The correction for range has been
applied).
where Ma is the absolute magnitude, Mv the apparent magnitude and R the range
in km at which the meteor occured.
In the case of the 9 Gen III meteors which saturated the camera in our sample,
a saturation correction (of up to +1.3 magnitudes) was applied to the apparent
magnitude before it was converted to an absolute magnitude (see Chapter 4 for
details). Figure (2.18) shows the lightcurve of the meteor 20060503-091349 from
two Gen III.
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Table 2.6: Average of luminous efficiency according to the meteoroid velocity
velocity
v< 20 km/s 20 km/s • v < 60 km/s 60 km/s • v < 100 km/s
τ(tau) 0.0202 0.0109 0.0028
10 20 30 40 50 60 70 80 90 100
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v <20 km/s
20<=v<60 km/s
60 km/s<=v<100 km/s
Figure 2.19: Luminous efficiency versus velocity. The three groups according to the
meteoroid velocity are shown.
Luminous efficiency
The luminous efficiency (τ) used in this work is the one described by Hill et al.
(2005). It depends on velocity and it is divided in 3 groups according to the mete-
oroid velocity (v < 20 km/s, 20 km/s • v<60 km/s, and 60 km/s • v< 100 km/s).
The form of luminous efficiency (τ) is shown in Fig. 2.19, and on average, it is given
in functional form as (see table 2.6):
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The luminous efficiency is given by the following equation:
τ = 2.0 ⁄ 7.667 ⁄ x
v2
(2.2)
where v is the meteoroid velocity an x an intermediate variable whose value is given
by:
For v < 20 km/s ;
x = ¡ 2.1887e ¡ 3 ⁄ v2 + 4.2903 ⁄ 10−4 ⁄ v3 ¡ 1.2447 ⁄ 10−5 ⁄ v4 (2.3)
For 20 km/s • v<60 km/s;
x = 0.01333 ⁄ v1.25 (2.4)
For 60 km/s • v< 100 km/s
x = ¡ 12.835+6.7672⁄ 10−1⁄ v¡ 1.163076⁄ 10−2⁄ v2+9.191681⁄ 10−5⁄ v3¡ 2.7465805⁄ 10−7⁄ v4
(2.5)
2.4 Ablation Model
To measure density, we need to compare the observations with a model of atmo-
spheric entry. In our work, we use the dustball model of Campbell-Brown and
Koschny (2004). Where the traditional dustball model suggests that the light pro-
duction starts as soon as the small grains are all released, the heating of the me-
teoroid, modeled through Clausius-Clapeyron formalism by Campbell-Brown and
Koschny, allows one to consider ablation even before the boiling temperature is
reached. The dustball model of Campbell-Brown and Koschny allows the user to
enter any number of grains and their masses, without necessarily assuming a power
law distribution. This is a considerable advantage, since the computing time may be
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reduced significantly by representing a distribution of grain sizes as a small number
of distinct sizes.
The model considers three sources of energy: energy imparted to the meteoroid
by collisions with atmospheric atoms, the energy lost from the meteoroid by radi-
ation, and the energy lost through evaporation of the meteor material. The mass
loss is calculated using the Knudsen-Langmuir formula, combined with the Clausius-
Clapeyron equation. A term proportional to kinetic energy transfer, like the classical
formula, is also added to simulate spallation when the meteoroid is very hot. For
more details of the ablation model, see Chapter 1 and Campbell-Brown and Koschny
(2004).
2.5 Method of analysis
For each meteor, we extracted the velocity and the radiant using the MILIG tra-
jectory code as described above. We extracted the lightcurve of each meteor which
matched our criteria. We applied a correction for saturation (Kikwaya et al. 2010;
Chapter 4) to nine of them. We then applied our ablation model to simultaneously
fit the observed lightcurve and deceleration (Chapter 3 and Chapter 5).
Among the parameters used in the model, we have chosen some to remain fixed
and some to remain free. Fixed parameters include the fusion point of the meteoroid
grains, which is taken to be 100 K less than the boiling point of the meteoroid grains
(the boiling temperature remains free); the condensation coefficient ψ, which is fixed
to 0.5 (condensation coefficient of stone), the emissivity of the meteoroid (fixed to
0.9), and the atmospheric density, provided by the MSISE 90 model (Hedin, 1991)
appropriate to the date and location of the observations.
We base the goodness of fit on the reduced chi-squared between the model and
observed curves for both the lightcurve and the deceleration curve. This takes into
account the size of the error bars in the measured values. The chi-squared is given
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by:
χ2 =
n∑
i
(Oi ¡ Mi)2
σ2i
(2.6)
where O is the observed value, M is the modeled value, σ is the error value of ob-
served value, and i is the number of the observed value. The reduced chi squared χ2c
is given by χ2 ¡ DOF , DOF being the number of degrees of freedom (the difference
between the the number of observed points and the number of free parameters).
To fit the observed decelerations and lightcurves, we search the entire free pa-
rameter space for each meteor in two stages: a broad search and a refined search.
The first stage in the solution procedure helps to identify the regions in parameter
space in which solutions are concentrated. If all good solutions found during the
broad search are grouped within less than 1000 kg/m3 (the typical range of density
error reported in different works: Babadzhanov (2002), Bellot Rubio et al. (2002),
and Chapter 3), we take the best solution among them, by which we mean the one
with a reduced chi-squared closest to 1 indicating that our model and observations
are in accord with the size of the observational errors. That is, the experimental
variance is close to the theoretical variance. In general, our § 1000 kg m−3 search
range encompasses the regions where χ2c < 1. In the case where the good solutions
are grouped in several different regions, we choose the best solution from each group
and we work explicitly on each, eliminating any which are unphysical. The reason
we proceed by two stages is the difficulty in determining the grain distribution; if
the number of solutions covering a reasonable range of each of the other free param-
eters is merely prohibitive, the number of possible grain distributions is essentially
infinite.
In the broad search, we need a rough grain distribution to begin. We calculate
an approximate mass distribution index using the work of Murray et al. (2000)
as a starting point; in this work, they associated the shape of meteor lightcurves
(characterized by the F-parameter) to a mass distribution index of the constituent
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grains.
The chosen grain mass distribution may not be the best mass distribution for
the grains of any of our meteoroids, but it provides a starting point. With this grain
mass distribution, grains are distributed in several bins according to the method
described by Borovicka et al. (2007), and summarized below.
Once the best solution from the broad search is found, a better grain distribu-
tion is obtained by manual adjustment until we reach the best fit to the observed
lightcurve and deceleration. The best solution from the broad search is the solution
with χ2 reduced closest to 1. In the broad search, chi-squared relied only on the
curves overlapping by four fifths of all points for the lightcurve and two thirds of the
points for the deceleration. This was done to capture all possible good solutions,
and this is why good fits in the broad search did not always provide really good
solutions.
This mass distribution will be considered the final mass distribution of the mete-
oroid, and the density of this solution we take to be the density of the meteoroid. To
evaluate the uncertainty in the density, we once again search the entire free param-
eter space with higher resolution in density over a range of § 1000 kg m−3 centred
on the best solution in the broad search, using the new grain mass distribution. All
solutions from the refined search are sorted and those with reduced chi-squared less
than 1 will constitute the density distribution of the meteoroid.
2.5.1 Broad search
Free parameters
The free parameters used in our ablation model include:
† grain mass (to which the number of grains is tied) (units of kg)
† bulk density of the meteoroid (units of kg m−3)
† the heat of ablation (Q) (units of J/kg)
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† the boiling point of the meteoroid grains (Tboil) (units of K)
† the temperature at which the grains are released (Tlim) which is physically less
than Tboil (units of K)
† the specific heat (Cp) (units of J kg−1 K−1)
† the average molar mass of meteoroid material (atomic mass units)
† the thermal conductivity of the meteoroid (units of W m−1 K−1)
Our methodology is as follows:
For the broad search, we allow the density to vary from 100 kg m−3, correspond-
ing to very porous carbonaceous materials (in Chapter 3 we started at 500 kg m−3)
to 8000 kg m−3, corresponding to iron. This covers the full range of physically ex-
pected densities for any reasonable choice of starting materials. We increased the
density by a step of 300 kg m−3. The heat of ablation is of the order of 106 J kg−1
(see Ceplecha et al., 1998), though the actual value depends on the composition of
the meteoroid. Babadzhanov (2002) used 2.8x105 J kg−1 for heat of fragmentation
supposed to be less than the heat of ablation. Bellot Rubio et al (2002) found that
this heat of fragmentation was too low. They thought that it should be around
5.5x106 J kg−1. In our work, we allow the heat of ablation to range from 2x106 to
9x106 J kg−1 to remain in the vicinity of 106 J kg−1, used by other authors (Hawkes
and Jones, 1975, Borovicka et al. 2007, Kikwaya et al. 2009).
Physically, the fragmentation temperature (Tlim) must be less than the boiling
temperature (Tboil), otherwise the grains will ablate before they separate. Knowing
that iron (the densest element we expect to encounter as a major element in the
composition of the meteoroid) reaches its boiling temperature around 2000 K, we
choose fragmentation temperatures ranging from 900 K to 1600 K, and set the
boiling temperature to vary between 1400 K to 2300 K.
The thermal conductivity is expected to be small, since small meteoroids are
known to have considerable porosity (Campbell-Brown and Koschny, 2004; Popova
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2005). We allow it to range between 0.1 and 1.0 W/m K.
We varied the molar mass from 20 to 56 atomic mass units (amu), a range which
spans atoms ranging from sodium to iron. We find that most solutions were not
very sensitive to molar mass changes if the value was over 36 amu. The range of
specific heat goes from 600 J/kg K to 1400 J/kg K, which correspond to the values
used by Campbell-Brown and Koschny (2004).
In some ablation models, Γ (drag coefficient) and Λ (heat transfer coefficient)
are assumed from the beginning. Examining the Draconids, Borovicka et al. (2007)
set Γ and Λ to 1. Fisher et al. (2000) assumed also Γ and Λ = 1 (usually Γ and
Λ are fixed to specific values to limit the computation time). Campbell-Brown and
Koschny (2004) assumed Γ = 1 and Λ = 0.5. In our work, when doing the broad
search, we fixed Γ and Λ at 1, following these earlier studies. After finding the best
solutions, we adjusted them in concert with the mass to improve the model fits. At
this stage in our solution procedure, we allow Γ and Λ to vary from 0.7-1.0.
Mass grain distribution
Once the fragmentation temperature (Tlim) is reached, the meteoroid mass at that
moment separates into a number of individual grains of masses in the interval (ml,
mu), where mu is the upper grain mass limit and ml is the lower grain mass limit.
We assume a power-law mass distribution in the form:
n(m) = Cm−s (2.7)
with ml < m < mu. n(m) is the cumulative number of grains of mass m or larger,
s is the mass distribution index, and C is a constant. We sorted the grains into
mass bins of masses m0,m1, ...,mk, with m0 equal to mu following the procedure
proposed by Borovicka et al. (2007). The mass of all grains within the ith bin was
set to:
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mi = mop
i (2.8)
where p, the mass sorting parameter, was chosen to be 10−0.1 = 0.7943. In principle
the choice of p is arbitrary, but there are certain limits. If the grains are small
(from 10−10 kg to 10−12 kg like in the case of Draconids, Borovicka et al. 2007) and
there is a large number of grains, p can be small (i.e. 10−0.1). If however, some
grains are relatively large in comparison with the total mass of the meteoroid and
the mass span is large (i.e. ml is much smaller than mu), p must be larger (even
100.5), otherwise the number of grains in some mass bins would be, mathematically,
less than 1, which is not possible since the number of grains in each bin must be an
integer.
The number of mass bins is:
k = log(mu/ml)/ log p (2.9)
and the number of grains in the ith bin is:
ni = n0(
m0
mi
)s−1 = n0p(1−s)i (2.10)
Since the total mass of grains must be equal to the meteoroid mass,
mf =
k∑
i=0
nimi = n0m0
k∑
i=0
p(2−s)i (2.11)
The number of grains in the largest mass bin is
n0 =
mf
m0(k + 1)
(2.12)
for s = 2 and
n0 =
mf
m0
¢ 1 ¡ p
(2−s)
1 ¡ p((2−s)·(k+1)) (2.13)
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for s 6= 2.
This technique of distributing grains in bins can be used when the mass distri-
bution index is known. To evaluate the mass index for the broad search, we used
the work of Murray and Beech along with the observed F-parameter for each meteor
lightcurve (see Fleming et al., 1993, Murray et al., 2000, Koten et al. 2006, Koten
et al. 2007). The F-parameter describes the shape of the lightcurve and is defined
as the ratio of the distance from the beginning of the lightcurve to the point of
maximum brightness and the entire length of the lightcurve, beginning and ending
at a magnitude ∆M fainter than the peak given numerically as:
F∆M =
HB∆M ¡ Hmax
HB∆M ¡ HE∆M
(2.14)
where ∆M is usually one of 0.25,0.5,0.75, 1.00,...,2.5,2.75,3.0. HB∆M and HE∆M
are heights where the meteor brightness is equal to Mmax ¡ ∆M and Mmax is the
maximum brightness. We calculated the F-values at ∆M = 0.75 (F0.75). Lightcurves
for which F = 0.5 are perfectly symmetrical, with the maximum exactly in the
middle of the trajectory. Meteors with F < 0.5 reach their maximum brightness
during the early part of the trajectory, while F > 0.5 gives a lightcurve skewed
toward the terminal point (Koten et al., 2006). Koten et al. (2006) suggested that
single-body meteors described by classical meteor theory should have F » 0.7; for
the dust-ball model F is expected to be nearly 0.5 (symmetrical lightcurves) (Hawkes
& Jones 1975).
For our meteor case study (meteor 20060503-091349), HB0.75 and HE0.75 were
respectively 108.1 km and 103.5 km, and Hmax was 104.9 km, giving F0.75 = 0.67.
The mass distribution index was found to be 2.80, based on the work of Beech and
Murray. The photometric mass of 7.65£ 10−6 kg was distributed in bins, with upper
and lower mass bins of mu = 1.4£ 10−10 and ml = 6.6£ 10−11 kg [the latter is close
to the lowest mass grain capable of ablating, about 10−12 kg (see Jones and Kaiser,
1966)]. Using equation (2.8) and equation (2.13), the total observed photometric
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Table 2.7: Grain mass distribution for meteor 20060503-091349 at broad search
number of grains mass of each grain (kg)
39278 6.60 £ 10−11
15358 1.11 £ 10−10
10146 1.40 £ 10−10
mass was distributed in three bins (see table 2.7).
Using this mass grain distribution and the range of values for each free parameter
as previously described, we computed about one hundred thousand solutions, and
compared the computed lightcurve and deceleration with the observed lightcurve
(figure 2.18) and deceleration (figure 2.11) for our example meteor test case. After
the broad search, figure (2.20) gives the distribution of all solutions with χ2 < 1,
showing local minima around densities of 680 kg m−3, 920 kg m−3 and 1220 kg m−3
for meteor 20060503-091349.
Since all local minima are grouped within an interval of density less than 800
kg m−3, we grouped them all together. We selected the solution having reduced
χ2 closest to 1 both on lightcurve and deceleration as the starting point for the
refined search. For the case where local minima are spread over more than 1000
kg m−3, each of them is examined until all but one are eliminated on the basis of
physical inconsistencies particularly the boiling temperature being lower than the
fragmentation temperature.
After the broad search, the solution for meteor 20060503-091349 with χ2 closest
to 1 both on the lightcurve and the deceleration had a density value of 920 kg m−3.
The values found for the other free parameters for the test solution (solution for
meteor 20060503-091349) are summarized in the table (2.8).
Refined search
Once the broad search defined a best fit interval, we refined the solution. At this
stage, we worked manually on the best solution found during the broad search.
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Figure 2.20: All solutions with χ2 < 1 after the broad search.
Table 2.8: Values of free parameters for the best fit to the lightcurve and the decel-
eration for meteor 20060503-091349 found in the broad search
Free parameter Value
Heat of ablation 9.0 £ 106 J/kg
Tlim 1000 K
Tboil 1800 K
Specific heat 1000 J kg−1 K−1
Molar mass 36 atomic unit
Thermal Conduct 0.5 (J m−1 s−1 K−1 or W m−1 K−1)
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Figure 2.21: The best lightcurve fit for
the meteor 20060503-091349.
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Figure 2.22: The best deceleration fit for
the meteor 20060503-091349.
Table 2.9: Grain mass distribution for meteor 20060503-091349 after manual ad-
justment in the refined search stage. This is taken as the final mass distribution
number of grains mass of each grain (kg)
75767 0.93 £ 10−11
55130 1.11 £ 10−10
1198 1.15 £ 10−09
We manually modified the mass grain distribution of the meteoroid and slightly
perturbed the other free parameters until the modeled lightcurve and deceleration
fit the observed lightcurve and deceleration (the reduced χ2 should be less than 1 and
four fifth of the points overlap in the model solution both for the lightcurve and the
deceleration within error). We have an advantage over the usual meteor modelling
method, since the time spent in trial and error is greatly reduced by starting with a
good solution; also, we have ruled out other local minima which the usual trial and
error method might miss and not mention.
For meteor 20060503-091349, the best solution is given in figures 2.21 for the
lightcurve and 2.22 for the deceleration. The best final mass grain distribution is
given in table 2.9. The corresponding final best estimate of density is 970 kg m−3,
and the values of other free parameters are given in table 2.10.
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Table 2.10: Values of free parameters from the best solution for meteor 20060503-
091349 after manual adjustment in the refined search stage.
Free parameter Value
Heat of ablation 6.5 £ 106 J/kg
Tlim 930 K
Tboil 1900 K
Specific heat 1400 J/kg K
Molar mass 36 atomic unit
Thermal Conduct 0.5 (J/m s K or W/m K)
The last step of our investigation is to use the final mass grain distribution from
the refined search for a new, higher resolution search over the entire free parameter
space: the step size in density is reduced to 100 kg m−3. All solutions are sorted
by reduced χ2, and those solutions which have χ2 < 1 simultaneously on lightcurve
and deceleration are possible physical descriptions of the meteoroid.
The density distribution of meteor 20060503-091349 (figure 2.23) suggests that
the lowest possible density is 570 kg m−3, and the highest is 1170 kg−3. We write
that meteor 20060503-091349 had a density of 970+200−400 kg m
−3 (970 kg m−3 is the
best solution, meaning that his χ2c value is the closest to 1). As an aside, if the
saturation correction had not been applied to the light curve, meteor 20060503-
091349 would have a calculated density of 480+170−130 kg m
−3, significantly different
(figure 2.24). The heliocentric meteoroid orbits were computed using the methods
of Ceplecha (Ceplecha, 1987). The results are summarized in table 2.11.
The final step is to compare the density found to the orbital parameters. The
calculation of the Tisserand parameter gives an idea about the origin of the mete-
oroid and suggests clues as to its chemical composition. This is discussed in more
detail in chapters 3 and 5.
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Figure 2.23: The density distribution of meteor 20060503-091349. The best solution
is 970+400−200 kg m
−3.
Figure 2.24: The density distribution of meteor 20060503-091349 when no saturation
correction is applied to the light curve. The best solution is 480+650−350 kg m
−3.
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Table 2.11: Properties of meteoroid 20060503-091349, according to our ablation
model. Maximum height refers to the height of maximum brightness. Angular
elements are J2000.0 (uncertainties on cos Z and Q are not reported because these
two values are considered to be precised measurements).
Value
Date (UTC)(YYYYMMDD:HH:MM:SS) 20060503:09:13:49
Observed photometric mass (kg) (7.65 § 0.02) £ 10−6
Observed peak magnitude (magnitude) +0.86 § 0.26
Perihelion (AU) q 0.308 § 0.002
Aphelion (AU) Q 22.492 § 2.383
Semi-major axis (AU) a 11.400 § 1.192
Eccentricity e 0.973 § 0.003
Inclination (–) i 139.160 § 0.222
Argument of periapsis (–) ω 114.127 § 0.366
Longitude of the ascending node (–) Ω 222.725 § 0.000
Velocity (geocentric)(km s−1) Vg 60.111 § 0.102
Velocity (helion) (km s−1) Vh 41.015 § 0.099
Velocity (infinity) (km s−1) V∞ 61.30 § 0.99
Beginning height (km) Hbeg 112.90 § 0.11
Maximum height (km) Hmax 104.95 § 0.29
Ending height (km) Hend 98.57 § 0.20
Average Range (km) Rangeavg 122.77 § 0.53
Radiant Right asc (geocentric) (–) αgeo 278.005 § 0.105
Radiant Declination (geocentric) (–) δgeo ¡ 37.762 § 0.083
cos zenithal angle COSZR 0.277
Angle of intercept (–) Q 20.6
Tisserand Parameter Tj ¡ 0.059 § 0.085
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Chapter 3
Physical characteristics of very
small meteoroids
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3.1 Introduction
An important physical property of meteoroids is their density. Knowing it can help
determine the physical structure and potentially the chemical composition of their
parent bodies. However, determining meteoroid density is not an easy task. It might
be easy to find the density of a solid, uniform sphere ablating in the atmosphere
(assuming the body enters the atmosphere as a solid with a spherical shape, ablates
uniformly, and remains a single solid body during the whole of its flight), but ablation
modeling is complicated by the fact that meteoroids fragment and have unknown
shapes, structures, and chemical compositions.
When a meteoroid comes into contact with the earth’s atmosphere, it ablates and
generates electromagnetic radiation, including visible light. The height of ablation
is influenced by many factors, including the entry angle, the speed of the meteoroid,
its mass, the energy required to ablate the material of which it is composed, its
boiling point, its structure, and its bulk density (Campbell-Brown and Koschny,
2004).
It has long been known that the ablation behaviour among meteoroids differs
considerably. These differences are reflected in different beginning heights, lightcurve
shapes and, for larger meteoroids, in end height differences for meteoroids of similar
speed and mass (see Ceplecha et al. 1998 for a complete discussion). It has long
been assumed that these differences have to do with the physical characteristics
of each meteoroid, including its composition, structure, bulk density and size: for
example Koten et al. (2004) used the lightcurves and heights of video meteors to
find significant differences among meteors from major showers. They argue that
this suggests the parent bodies have different chemical compositions or physical
structure.
The interpretation of all of these data is substantially complicated by the process
of fragmentation. Besides the question of whether or not small meteoroids undergo
fragmentation, the process of fragmentation itself remains an open question. Does
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fragmentation occur before the onset of, or during rapid vaporization? Does it
happen at a critical temperature or a critical pressure?
Campbell et al. (2000) argued that fragmentation occurs before the process of
ablation starts. Only after grains have been released from the main mass do they
undergo intensive ablation. This is consistent with the dustball meteoroid model
(Hawkes and Jones, 1975), in which meteoric bodies are assumed to be composed
of grains held together by a lower boiling point ‘glue’: when the binding melts, the
grains are released. Further support for the dustball model comes from the weak
dependence of the beginning height, maximum height and trail length of the visible
meteor on the mass of the meteoroid, as found in studies by Campbell et al. (2000),
Koten et al. (2004), Hapgood et al. (1982) (for Perseids fainter than Mv = 0) and
Beech (1986) (for Draconid meteors). The dustball model predicts that grains of
different masses which are ejected from the meteoroid will decelerate at different
rates, producing physical wake from the spread in the grains. Fisher et al. (2000)
confirmed that half of the video meteors they investigated showed this wake when
observed with short effective exposures.
Clearly, the mechanism of fragmentation for meteoroids is complex and much of
contemporary meteoroid ablation modelling concentrates on attempting to formalize
the process. Campbell-Brown and Koschny (2004) suggested that fragmentation
occurs when the temperature of the surface is high enough to disrupt the binding
matrix of the meteoroid; the top layer of the meteoroid (to a depth determined by
the assumed thermal conductivity) is released all at once.
In a study of six Draconid meteors for which deceleration and photometric mea-
surements were available for the first time, Borovicka et al. (2007) suggested that
grain separation started after the surface of the meteoroid received a certain energy
flux, calculated to be 106 J m−2; this is physically equivalent to requiring the sur-
face to reach a particular temperature. The meteoroid then gradually fragments
into grains over the first half of its trajectory, a process Borovicka et al. (2007) call
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thermal erosion. Meteoroids resistant to this process may disrupt at low dynamic
pressures.
Beech and Murray (2003) used the dustball model to generate synthetic Leonid
lightcurves. They matched different shapes of lightcurves to synthetic lightcurves
generated by a power law distribution of grains, from 10−10 kg up to 10% of the
total mass (which was taken to be 10−6 kg), varying the mass distribution index
between 1.0 to 2.0. They suggested that the 1999 Leonid meteoroids were relatively
rich in larger-mass fundamental grains.
While several studies of the overall physical structure of meteoroids have pro-
duced qualitative support for the dustball model, quantitative measurements of the
bulk density of meteoroids are more difficult to make, again due to the variety of
ways fragmentation may be handled in modelling. Ceplecha (1968) calculated the
density of small meteoroids and classified them into four categories (A,B,C,D) based
on a parameter, KB, which depends on the atmospheric density at the beginning of
the luminous trajectory, the initial velocity and the elevation of the radiant. Cate-
gories A through D were attributed to meteoroids having densities from 2700 to 180
kg m−3.
Babadzhanov (2002) examined 413 photographic super-schmidt meteors and ap-
plied a model which assumed quasi-continuous fragmentation (QCF). They found
meteoroid densities between 400 kg m−3 and 7800 kg m−3. Bellot Rubio et al.
(2002) questioned the validity of these high densities for small meteoroids. They
singled out two questionable assumptions which led Babadzhanov (2002) to these
results. The first is the fact that QCF is based essentially on fitting a model to the
lightcurve, without taking into consideration the dynamical properties of the me-
teoroids, particularly the deceleration. The second was that the specific energy of
fragmentation used by Babazhanov (2002) was underestimated by at least a factor
of 10. Bellot Rubio points out that, with such a small heat of fragmentation, the
meteoroid will always fragment before reaching the “real” heat of ablation. Analyz-
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ing the same meteors using the single body theory (assuming none of the meteoroids
fragment), Bellot Rubio et al. (2002) found densities ranging from 400 kg m−3 to
4800 kg m−3. Since the characteristics of fragmentation are often observed in the
lightcurves of small meteoroids as transient increases in brightness (including in the
sample analysed by Bellot-Rubio et al. (2002)), Borovicka (2005) pointed out that
this is a shortcoming of Bellot Rubio’s work. Clearly, the lightcurves of meteoroids
should be fit with a model that takes into account the dynamical properties of the
meteoroids.
In this work, we adopt the dustball model as a first approximation to the physical
structure of a meteoroid. We use the numerical model of ablation developed by
Campbell-Brown and Koschny (2004). This model is applied to high resolution
measurements of lightcurves and astrometry for a suite of faint meteors observed
from two stations. In particular, our measurement precision is high enough to
allow routine observation of deceleration for faint (magnitude +7) meteors. This
particular model uses eight free parameters to produce a theoretical lightcurve, and
allows the velocity to vary with height along the meteoroid trajectory. We explore
the solution space of all possible parameters and compute for each meteor hundreds
of thousands of solutions whose lightcurves and decelerations are then compared to
those observed. We find density limits for each meteor within which a solution can
be found; from the number of solutions at each modeled density, we get a statistical
measure of the density for each meteoroid and a measure of its error.
3.2 Observations and Equipment
Data were collected during two different observing runs; one over three nights in
Canada in May 2004, and one over seven nights in Sweden in October 2007. Second
generation (Gen II) Litton microchannel plate image intensifiers with S-20 spectral
response were used. Gen II intensifiers have a spectral response from 340 - 870
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nm and have less sensitivity in the red, and shorter tube lifetimes, than Gen III
intensifiers but are otherwise comparable. They are significantly more sensitive
than Gen I intensifiers, and less susceptible to blooming when imaging bright point
objects. Gen II intensifiers were used simply because they were simpler to integrate
with the large lenses used in these campaigns. We used catadioptric lenses with 155
mm focal length and f/0.75 for both stations.
In the first campaign, two Deep Gen II cameras were installed at two different
sites, which we call Elginfield Observatory (43◦ 11′ N, 81◦ 18′90 W) and the Silo
site (43◦ 12′23 N, 81◦ 22′62 W). The baseline between the two stations is 5.5 km
and the cameras were pointed at the zenith, in order to cover a very large common
volume of the sky. The baseline is much shorter than that typically used in video
meteor observations, where cameras with fields of view (FOV) of 25 to 40 degrees
are separated by 30 to 60 km. This short baseline for our cameras, with their
fields of view of 6 degrees, was motivated by the desire to maximize the number
of two-station meteors completely observed by maximizing the common volume
observed by the cameras: this also minimizes the height bias of the system. A
longer baseline improves the precision, but produces almost no useful two station
meteors, as seen by the results in the second campaign. The computation of different
height precisions from different baseline values for two different camera FOVs shows
that the deep GenII with a FOV of 6 degrees, a baseline of 5.5 km and resolution
of 0.008 degrees per pixel produces a height precision within 10% of that obtained
with a baseline of 45.5 km and a typical LLLTV resolution of 0.054 degrees per pixel
corresponding to a FOV of 35 degrees. Recognizing that the height errors alone
are not the only uncertainty and that geometry comes into play in the trajectory
solution, we examined all four events in detail from the short baseline campaign
and introduced typical meteor measurement errors (of order 1 pixel) to all measured
points in a monte carlo simulation run 10000 times. We find that in average the
radiant error is 1.6 degrees; the height error 0.6 km and the velocity error 0.8 km/s.
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This demonstrates that the shorter baseline is compensated by the higher resolution
in terms of overall trajectory precision relative to typical LLLTV baselines.
In the second campaign, cameras were placed at Peera in Finland (68◦ 53′39
N, 21◦ 3′34 E) and at Kiruna in Sweden (67◦ 51′60 N, 20◦ 25′98 E). The baseline
between the two stations is 117 km. The main purpose of the second campaign was
to look for simultaneous events with the EISCAT tristatic radar, so the geometry
was not optimal for our purposes, but some of the data are still useful for this study.
The field of view of the images was 5.4◦ £ 4.1◦. The pixel dimensions of the
video system are 720x480 pixels, producing a resolution of » 30 ′′/pixel.
For a meteor 100 km from the camera, the systems had a resolution of » 13
meters per pixel with the full field of view being equivalent to linear dimensions of
9.5 £ 7.1 km. We find that this is sufficient resolution at our small meteoroid sizes
to show even very small decelerations. We used the CCD in an interlaced mode
with 60 video fields (or 30 video frames) per second. The limiting stellar magnitude
of the video camera system was around +11 per field.
3.3 Data and Analysis
In the first run in London Ontario (Canada), we detected a total of 17 meteors in
almost 18 hours, where 13 were simultaneous on both cameras. In the second run
in October 2007, 35 meteors in 49 hours were detected and among them, 29 were
simultaneously seen on both stations. We examined data for each simultaneous
meteor, took the time the event occurred and checked if the meteor ended on the
field of view of at least one of the two stations. The end of the trail is particularly
critical, since most of the deceleration occurs at the end of a meteor’s trajectory.
We add to this criterion the requirement that the event should start in the field of
view of at least one station as this gives a complete lightcurve for better estimation
of the photometric mass of the meteor.
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Most of the meteors, as seen from both sites, either started in the field of view
but ended outside, or started outside and ended in the field of view of one camera
(Figure 3.1 and Figure 3.2). Some completely crossed the field of view (Figure 3.3).
Some even crossed the entire field of view in just one frame, making it virtually
impossible to get an astrometric solution. All these meteors failed to satisfy our
two criteria and were eliminated. Among the 13 meteors seen simultaneously on
both sites in the first observing run, only four satisfied the conditions of starting
and ending in the field of view of at least one of the two cameras. From the second
observing run, with the narrow field of view and the long baseline between the two
stations, only two of the 29 simultaneous meteors satisfied the criteria and were
selected.
The astrometric positions of meteors are calibrated using the stars in the field
of view. The pixel locations of the stars are found using a centre-of-mass algorithm,
and are compared against the SKY2000v4 catalogue (Myers et al. 2001). The right
ascension and declination are converted into local zenith and azimuth angles (the
camera is fixed to that reference frame). A third order linear least squares fit is used;
however, in order to fit a frame close to or including the zenith, rotation is used to
re-reference each point so that no singularities occur. All of the star coordinates are
referenced about the centre of the frame. After this, they are projected onto an xy
plane, and then fitted against the pixel locations. While a second order fit may be
adequate, a third order fit allows for better lens distortion corrections. Errors in the
resulting fit are calculated based on the angular separation between the catalogue
and fitted coordinates, so that each star has a single error associated with it. This is
more meaningful than quoting separate errors for azimuth and zenith angles, since
azimuth error is dependent on the zenith angle. On the GenII systems used in this
study, typical errors of 0.002 degrees are found, which corresponds according to our
resolution to » 0.3 pixels.
The meteor positions are manually measured by selecting a point on the leading
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edge of the meteor. We find that selecting positions manually will result in errors
(due to lack of sub-pixel precision) of order 1-2 pixels; this is the dominant source
of error in our measurements.
After each frame has been flat fielded, the photometric magnitudes are computed
by a log-sum-pixel approach with background subtraction (see Hawkes, 2002). That
is, each star has a defined disc covering the whole star and a surrounding ring
representing the background. The median value in the ring is subtracted from the
disc (taking into account pixel areas), and the magnitude of the star is computed
as the logarithm of the sum of the pixel intensities in the disc. A typical error of
0.1-0.2 magnitudes is found for each star. For all the stars in the image, a linear
fit relates these magnitudes against catalogue visual magnitudes (from SKY2000v4
(Myers et al. 2001)). Because the magnitude base is fixed, the slope value of this
fit is fixed at unity, and the offset determines the calibration.
The photometric mass is found using the standard integral of the lightcurve (see
Hawkes, 2002 for details). Here we use value for the luminous efficiency related to
velocity from the study by Hill (Hill et al. 2005).
Photometric errors are determined using standard error techniques, where the
standard deviation of the photon count is governed by Poisson statistics. This gives
an error in the photometric magnitude of 2.5/
p
N (where N is the pixel intensity
sum, proportional to the number of photons), to which the error from the photo-
metric calibration is added.
We used code from Borovicka (1990) called Milig to compute the in-atmosphere
trajectory of all simultaneous meteors, providing the distance, the velocity and also
the height of the meteor versus time along the trajectory. Once the trajectory line
has been identified, the velocity can be computed from each station for each pair
of points on the trajectory. Small errors in the determined position of the meteor
in each frame will produce large random errors on the velocity at each point. In
order to reduce this noise on the measurement of velocity versus time (or height), we
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Figure 3.1: Meteor captured in Kiruna (Sweden) on October 11 2007 at 02:55:32
UTC.
Figure 3.2: Meteor captured in Kiruna (Sweden) on October 09 2007 at 01:37:25
UTC.
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Figure 3.3: Meteor captured in Kiruna (Sweden) on October 06 2007 at 01:54:42
UTC crossing the entire field of view
use a filtering technique which consists of calculating the speed using every third or
fourth point instead of every point in the original measurements (Figure 3.4). The
meteor clearly shows deceleration (Figure 3.5) and the good agreement between the
velocities from each site indicates the solution is robust.
To find the approximate initial, out-of-atmosphere velocity, which is needed as
initial input into our model, we make use of the fact that the image resolution of
our systems is similar to that of the Super–Schmidt photographic meteors. Follow-
ing Whipple and Jacchia (1957) the pre-atmospheric velocity of the meteoroid was
computed following the empirical expression he suggested relating distance (D) to
time (t) (equation 3.1).
D = A+Bt+ Cekt (3.1)
The velocity at any time can be found from the time derivative of the expres-
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Figure 3.4: An example showing the velocity of a meteor before and after the filtering
(smoothing) technique.
Figure 3.5: The velocity of meteor ELSL11 as measured from both sites along its
trajectory.
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Figure 3.6: Velocity of meteor ELSL11 from both sites along its trajectory.
sion, equation 3.2. The pre-atmospheric velocity can be found by evaluating the
expression with t set to minus infinity. The second derivative of equation 3.1 gives
the deceleration, and k is the slope of the logarithm of the deceleration. When k
is known, B and C can be determined by the method of least squares. The veloc-
ity approaches the pre-atmospheric velocity asymptotically as t approaches minus
infinity; the error in the fit can be estimated from the error in the fit parameter
(Figure 3.6).
dD
dt
= B + Ckekt (3.2)
From the positional measurements at each station, the pre-atmospheric velocity
and the radiant were computed according to Borovicka (1990), while the heliocentric
meteoroid orbits were computed using the methods of Ceplecha (1987). We note
that, due to the geometry used, the meteors captured during the Swedish campaign
have relatively greater uncertainty in their solutions due the fact of having only a
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few measured points for the entire trajectory.
3.4 Ablation Model
In our work, we use the dustball model of Campbell-Brown and Koschny (2004).
Where the traditional dustball model suggests that the light production starts as
soon as the small grains are all released, the heating of the meteoroid, modeled
through Clausius-Clapeyron formalism by Campbell-Brown and Koschny, allows one
to consider ablation even before the boiling temperature is reached. The dustball
model of Campbell-Brown and Koschny allows the user to enter any number of grains
and their masses, without necessarily assuming a power law distribution. This is a
considerable advantage, since the computing time may be reduced significantly by
representing a distribution of grain sizes as a small number of distinct sizes.
The model considers three sources of energy: energy imparted to the meteoroid
by collisions with atmospheric atoms, the energy lost from the meteoroid by radi-
ation, and the energy lost through evaporation of the meteor material. The mass
loss is calculated using the Knudsen-Langmuir formula, combined with the Clausius-
Clapeyron equation. A term proportional to kinetic energy transfer, like the classical
formula, is also added to simulate spallation when the meteoroid is very hot. For
more details the ablation model itself, see Campbell-Brown and Koschny (2004).
3.5 Results
For each meteor, we extracted the velocity and the radiant using the trajectory
code of Borovicka (1990). We extracted the lightcurve of each of the six meteors
with complete lightcurves. No correction for photometric saturation was needed
since none of these six meteors were bright enough to have any saturated pixels.
We applied our ablation model to simultaneously fit the observed lightcurve and
deceleration.
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Among the parameters used in the model, we have chosen some to remain fixed
and some to remain free. Fixed parameters include the fusion point of the meteoroid
grains, which is taken to be 100 K less than the boiling point of the meteoroid grains
(the boiling temperature remains free); the condensation coefficient ψ, which is fixed
to 0.5 (condensation coefficient of stone), the emissivity of the meteoroid (fixed to
0.9), and the atmospheric density, provided by the MSISE 90 model (Hedin, 1991).
To fit the observed decelerations and lightcurves, using the model output we
search the entire free parameter space for each meteor. This first stage in the
solution procedure helps to identify the regions in which solutions are concentrated.
The main difficulty with this approach is the grain distribution; while the number of
solutions covering a reasonable range of each of the other free parameters is merely
prohibitive, the number of possible grain distributions is essentially infinite. As
a first approximation, we have chosen to represent each meteor at this step as a
collection of grains all having the same size. For each meteoroid, we chose masses
of grains (from the smallest grains which will still ablate independently to the total
meteoroid mass), and fixed the number of those grains so that the total mass of the
meteoroid corresponded to the total photometric mass of the meteor. The shape
of the lightcurves found in this way will almost certainly be wrong, but as we get
close to a good solution, we expect one of the grain sizes will produce a curve with
significant overlap to the measured lightcurve.
We extract from each solution set the best model fit, which we define here to
mean the one with the smallest χ2 value (the χ2 here is the standard one where the
smallest number indicates the best fit). We allow the theoretical lightcurve and the
measured lightcurve to have one fourth of points which do not overlap to within
the measured error margins. At this stage, for each of these potential solutions, we
adjust the mass and number of grains by hand in order to find the best fit to the
observed lightcurve and deceleration.
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3.5.1 Free parameters
The free parameters used in our ablation model include:
† grain mass (to which the number of grains is tied)
† density of the meteoroid
† the heat of ablation (Tlim)
† the boiling point of the meteoroid grains (Tboil)
† the temperature at which the grains are released
† the specific heat (Cp)
† the average molar mass of meteoroid material
† the thermal conductivity of the meteoroid
Our methodology is as follows:
First, we allow the density to vary from 500 kg m−3 (very porous carbonaceous
materials) to 8000 kg m−3 (iron meteoroid). We used seven steps in the density.
The heat of ablation is of the order of 106 J kg−1 (see Ceplecha et al., 1998). The
actual value depends on the composition of the meteoroid. Babadzhanov(2002) used
2.8x105 J kg−1 while Bellot Rubio et al (2002) thought that it should be around 8x106
J kg−1. Following Bellot Rubio et al. (2002), we allow the heat of ablation to range
from 2x106 to 9x106 J kg−1.
Physically, the fragmentation temperature (Tlim) must be less than the boiling
temperature (Tboil), otherwise the grains will ablate before they separate. Knowing
that iron (the densest element we expect to encounter as a major element in the
composition of the meteoroid) reaches its boiling temperature around 2000 K, we
choose fragmentation temperatures ranging from 900 K to 1600 K, and set the
boiling temperature to vary between 1400 K to 2300 K.
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The thermal conductivity is expected to be small considering the physics of
small meteoroids with considerable porosity (Campbell-Brown and Koschny, 2004,
Popova, 2005). We choose it to range between 0.1 to 1.0 W/m K.
We varied the molar mass from 20 to 56 atomic mass units (amu), covering
atoms ranging from sodium to iron. We find that most solutions were not very
sensitive to molar mass changes if the value was over 36 amu. The range of specific
heat goes from 600 J/kg K to 1400 J/kg K, which correspond to the values used by
Campbell-Brown and Koschny (2004).
In some ablation models, Γ (drag coefficient) and Λ (heat transfer coefficient)
are assumed from the beginning. Examining the Draconids, Borovicka et al. (2007)
set Γ and Λ to 1. Fisher et al. (2000) assumed also Γ and Λ = 1. Campbell-Brown
and Koschny (2004) assumed Γ = 1 and Λ = 0.5. In our work, when doing the huge
search of solutions, we left Γ and Λ to be 1 following these earlier studies. After
finding the regions near the best solutions, we adjusted them in concert with the
mass to improve the model fits. At this stage in our solution procedure, we allow Γ
and Λ to vary from 0.7-0.9.
To demonstrate our procedure in detail we take meteor ELSL11 as a first ex-
ample, showing explicitly how we evaluated the interval of possible values for each
parameter. Other meteor events will be discussed only briefly.
3.5.2 Evaluation of Density
Case Study of Meteor ELSL11
We start with the observed lightcurve and deceleration (plot of velocity versus
height) of meteor ELSL11. The investigation will consist of finding all the modeled
lightcurves and decelerations which will match the observed curves. The solution
will combine the eight free parameters described above with those which have been
fixed (air density, emissivity, etc). A reasonable determination of each parameter is
defined.
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Table 3.1: Initial grain mass distributions used for meteor ELSL11 in the first stage
of analysis.
Number of size bins Number of grains Grain mass
(kg)
1 121078 1.02 £ 10−12
1 60837 2.03 £ 10−12
1 9216 1.34 £ 10−11
1 7395 1.67 £ 10−11
1 693 1.78 £ 10−10
1 93 1.32 £ 10−9
It is relatively easy to choose a range of values for each parameter, except for
the grain mass. This fact will lead us to approach the real meteoroid grain mass
distribution through two steps. We know that the reasonable number of grains in a
meteoroid is in the thousands, and the mass of individual grains could range from
10−12 kg (approximately the smallest size which will ablate) to 10−8 kg (about one
tenth the total mass for our sample events). The number of sizes of grains involved
for any meteoroid is almost certainly more than one; however, in the first step, we
consider the meteoroid to be composed of only one size of grain, the mass of which
we can alter from 10−12 kg to 10−9 kg.
For meteor ELSL11, we present the grain mass distributions which were initially
modeled in table 3.1. The photometric mass was taken to be the initial mass.
Considering the grain mass ranging from 10−9 kg to 10−12, we divided the initial
photometric mass to have the number of grains. Our goal is to find those grain mass
distributions which offer good fits between the modeled lightcurve and deceleration
curve, and the observed curves. The second step will then be to use these solutions
as starting points and to refine these solutions by finding a grain mass distribution
which produces a good fit for the meteor event as defined by the χ2 fit between the
model and the observations. For ELSL11, the values of other parameters used in
the modelling are given in table 3.2.
Using every combination of all these values of the free parameters, we generated
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Table 3.2: Values for the parameters (other than grain mass) used in the modelling.
Tlim is the temperature at which fragmentation occurs, Tboil the boiling point of the
grains, Cp the specific heat, Mmass the molar mass, and Thermal Cond the thermal
conductivity of the bulk meteoroid (Meteor ELSL11).
Density Heat of ablation Tlim Tboil Cp Mmass Thermal Cond
(kg/m3) (J/kg) (K) (K) (J/kg K) (amu) (W/m K)
500 2 E6 900 1500 800 20 0.2
1000 4 E6 1200 1700 1000 30 0.5
2000 5 E6 1350 1800 1200 36 0.7
4000 7 E 6 1600 2000 1.0
6000
7500
8000
151200 different theoretical lightcurves and decelerations. Each was then compared
to the observed ones through the goodness-of-fit using standard χ2. A perfect fit to
both curves would have a χ2 value equal to zero.
We sorted these 151200 solutions by the χ2 values, as compared to both the
observed lightcurve and the observed deceleration curve. For this event, we rejected
any solution with χ2 less than 0.016. This value is chosen by noting that for this
particular event the number of degrees of freedom is 51 and the average sigma (error
bar) on the lightcurve is 0.15 magnitudes. As such, this value for the χ2 produces a
statistically significant difference between the model and observed lightcurve values
(see Bevington and Robinson, 2003). We ended up with two major concentrations
of solutions: one around a density of 1000 kg m−3 and another around a density of
8000 kg m−3.
For each group of solutions, we find the one with the smallest χ2. In our example,
the first group of solutions, with densities concentrated around 1000 kg m−3, has
the best solution at model number 107935 with grain mass 1.78 E-10 kg, heat of
ablation 7.0E6 J/kg, fragmentation temperature 1700 K, boiling temperature 2000
K, specific heat 800 J/kg K, molar mass 30 atomic units, and thermal conductivity
1.0 W/m K. The second set of solutions around 8000 kg m−3 has a grain mass bigger
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Figure 3.7: Lightcurve of the best single
grain mass solution around 1000 kg m3 for
ELSL11.
Figure 3.8: Lightcurve of the best single
grain mass solution around 8000 kg m3 for
ELSL11.
than the one for the low density solution (1.32 E-09 kg). The heat of ablation is
the same, the fragmentation temperature differs by just 100 K, as does the boiling
temperature. The specific heat is the same for both solutions. The best molar mass
is 36 atomic units for the 8000 kg m−3 solution, compared to 30 atomic units for
the low density solution. For the thermal conductivity, the best value for the 8000
kg m−3 solution is half that of the 1000 kg m−3 solution.
In examining the modelled lightcurves and velocity profiles for the two best
solutions (a low density solution around 1000 kg m−3 and high density solution
around 8000 kg m−3) we find that the high density solution matches the observed
data better than the low density solution. The low density solution shows the light
production stopping at 87 km; the observed data go down to 83 km. Figures 3.7
and 3.8 show the lightcurves of the high and low density solutions; figures 3.9 and
3.10 show the decelerations for the two solutions.
The next step in our solution procedure is to use these two best model fits as
starting points, and to refine the grain masses, heat transfer and drag coefficients
to find the best possible solution in the phase space region. This step was done
by hand, adding and subtracting grains of different masses while keeping the other
parameters constant. At each step, both the lightcurve and deceleration produced
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Figure 3.9: Deceleration of the best single
grain mass solution around 1000 kg m3 for
ELSL11.
Figure 3.10: Deceleration of the best sin-
gle grain mass solution around 8000 kg m3
for ELSL11.
by the model were compared to the observed curves.
The starting values of the parameters for the high density solution were those
of the best fit, listed in the previous section. The shape of the lightcurve is clearly
not single body, meaning that more than one size of grain is needed to model it
properly. We attempted to find a better solution using three different grain masses.
We were able to find a model which is very close to the observed data (Figures 3.11
and 3.12). The parameters for this fit are given in Table 3.3.
For the low density solution, we began by modifying the number and size of the
grains involved. As with the high density solution, we used three grain sizes. The
initial attempt used the same parameters as the single grain size model, but had
450 grains with masses of 1.10£ 10−11 kg, 430 grains with a mass of 1.35£ 10−10 kg,
and 30 grains with a mass of 1.93£ 10−9 kg. The peak magnitude produced by this
model was too small, so we then increased the mass of the grains in the middle bin
from 1.35£ 10−10 kg to 2.35£ 10−10 kg. This matched the maximum magnitude, but
the model produced more light than observed at higher and lower altitudes, and did
not penetrate as far into the atmosphere as the observed meteor. To correct for the
latter, we increased the mass of the largest grains to 2.53£ 10−9 kg. The lightcurve
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Figure 3.11: Lightcurve for ELSL11 with
the model fit for a density of 8000 kgm−3
using parameters from table 3.3.
Figure 3.12: Deceleration for ELSL11 for
a density of 8000 kg m−3 using parameters
from table 3.3.
for this model is compared to the observed lightcurve in Figure 3.13; the parameters
used are given in table 3.4.
In all three of the solutions where grain numbers and masses were varied, the
model solution reaches the detection threshold earlier than the observed lightcurve.
This could be corrected if the fragmentation temperature is increased, releasing
the grains just prior to the height where the meteor becomes visible. In order
to match the observed starting height, it was necessary to raise the fragmentation
temperature from 1700 K to 3000 K. In order to keep the fragmentation temperature
lower than the boiling temperature, we also had to raise the boiling temperature to
3300 K, and we set the fusion temperature to 3200 K for consistency. We used the
same grain mass distribution as in the previous solution. The parameters for this
modified solution are given in table 3.5, and the model is compared to the observed
lightcurve in Figure 3.14.
The solution around 1000 kg m−3 is still a poor fit, and it seems physically
unrealistic to have a low density meteoroid with a fragmentation temperature as
high as 3000 K. We therefore reject the low density solution, and proceed to refine
the density measurement assuming that the meteoroid’s density is close to 8000 kg
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Figure 3.13: Modified solution for 1000 kg m−3 using three grain masses. The sudden
jump in the predicted light output from the model indicates a sudden fragmentation
event.
Figure 3.14: Modified solution for 1000 kgm−3, with three grain sizes and modified
temperatures of fragmentation, boiling and fusion.
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m−3.
The point of the first search over the eight different parameters is to identify
broadly the different regions where the possible solutions fall, to work on the best
solution from each region, to determine where among all the different concentrations
of solutions the best solution lies, and determine the likely mass distribution of the
grains in the meteoroid. We will now fix the grain distribution, and perform a second
search with greater resolution in the density parameter, which is the parameter of
greatest interest to us. We allow the other parameters (apart from grain masses) to
vary as shown in table 3.6.
Using every possible combination of the parameters in the table, we computed
432000 modeled solutions. We compared each of these to the observed lightcurves
and deceleration of ELSL11. For this search, we set a stricter limit on the χ2 value of
0.08 for both the lightcurve and deceleration comparison; this roughly corresponds
to a solution which fits inside the error bars of both plots. We ended up with 234
different good solutions (solutions with χ2 less than or equal to our limit) with
densities from 5000 kg m−3 to 8000 kg m−3 for ELSL11. The greatest number of
good solutions falls between a density of 5500 kgm−3 and 6500 kgm−3. Among
these 234 solutions, the best one (with the smallest χ2 both on the lightcurve and
the deceleration) has a density of 5500 kgm−3 with a total mass of 1.36£ 10−7 kg. All
other parameters associated with this particular solution are summarized in table
3.7.
To determine the range of probable densities in our final model fits, we adopt
the best fit value and expressed the density of ELSL11 by an asymmetrical error
bar as 5500 + 2500 /- 500 kg m−3, expressing the full range of possible density fits
for our chosen χ2 cut.
This detailed example serves to outline our methodology as we try to fit our
model to the available metric and photometric observations. In the next sections,
we will briefly summarize our findings for the additional 5 meteor events for which
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Figure 3.15: Plot of the best density solutions for ELSL11. The best solution falls
at 5500 kg m−3. The left bound is 5000 kg m−3 and the right bound is 8000 kg m−3
Figure 3.16: The best model of meteor ELSL11, with a density of 5500 kg m−3.
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Figure 3.17: Plot of accepted solutions for ELSL01. The best solution falls at 7000
kg m−3. The left bound is 5500 kg m−3 and the right bound is 8500 kg m−3
we were able to apply this detailed approach.
Meteor ELSL01
Using the mass distribution in table 3.8, we modeled a 352800 combinations of the
free parameters, with densities concentrated around 7000 and 8000 kg m−3. For this
event, statistically significance required the solutions to have a χ2 less than or equal
to 0.078 on the lightcurve and less than or equal to 0.1 on deceleration; a total of
167 solutions matched the observed data (figure 3.17). Among these solutions, the
best one has a density of 7000 kg m−3 (plotted in Figure 3.18); the values of the
other parameters are given in table 3.9. The total mass of ELSL01, which had a
velocity of 11.3 km s−1, close to the earth escape velocity, was modeled to be 4.36
£ 10−6 kg. The density of ELSL01 was found to be 7000 + 1500 / - 1500 kg m−3.
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Figure 3.18: Lightcurve and deceleration of ELSL01, with best model.
Meteor ELSL09
Using the grain mass distribution in table 3.8, we computed 483000 solutions with
density ranging from 250 kg m−3 to 3000 kg m−3. We found 147 solutions whose
lightcurves and decelerations matched the observed ones with a statistically signif-
icant value of standard χ2 of better than 0.06 on both lightcurve and deceleration
(figure 3.19). Among these good solutions, the one having the smallest standard
chi-square had a density of 900 kg m−3 (figure 3.20) with a total modeled mass
of 7.63 £ 10−8 kg. Values of the other parameters for this particular solution are
summarized in table 3.9. The best fit density for ELSL09 is 900 + 250 /- 150 kg
m−3.
Meteor ELSL12
With the grain mass distribution in table 3.8, we effected a search to find a more
precise determination of the density which was computed using a standard χ2 cutoff
104
Figure 3.19: Plot of best solutions for ELSL09.The best solution falls at 900 kg m−3.
The left bound is 750 kg m−3 and the right bound is 1150 kg m−3
Figure 3.20: Lightcurve and deceleration of ELSL09 together with the best model
fit.
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Figure 3.21: Plot of good solutions for ELSL12.The best solution falls at 4500 kg
m−3. The left bound is 2000 kg m−3 and the right bound is 6500 kg m−3
of 0.15 or less on the lightcurve and 0.1 on the deceleration. This left 753 solutions
and gives the density distribution shown in figure 3.21. Among all of these solutions,
the best one had a density of 4500 kg m−3 (shown in figure 3.22) with a total modeled
mass of 4.41£ 10−8 kg. The values of the other parameters in the best model are
specified in table 3.9. The density of ELSL12 was found to be 4500 + 2000 /-2500
kg m−3.
Meteor PEKI08
The second search was based on 330750 different models using the grain mass dis-
tribution in table 3.8. The modeled densities ranged from 200 kg m−3 to 1200 kg
m−3. Only models having a standard χ2 less than or equal to 0.04 on the lightcurve
and 0.01 on the deceleration were considered. 1525 solutions satisfied the conditions,
shown in Figure 3.23. Among them, the best one had a density of 600 kg m−3 (figure
3.24)with a total modeled mass of 1.40 10−7 kg. Other parameter values are given
in table 3.9. The density of PEKI 08 was found to be 600 + 200 /- 200 kg m−3.
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Figure 3.22: Lightcurve and deceleration of ELSL12, shown together with the best
fitting model.
Figure 3.23: Plot of good solutions for PEKI08. The best solution falls at 600 kg
m−3. The left bound is 400 kg m−3 and the right bound is 800 kg m−3
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Figure 3.24: Lightcurve and deceleration of PEKI08, with the best fitting model.
Meteor PEKI09
Using the mass distribution in table 3.8 and the resolution on the density parameter
from 200 kg m−3 to 1500 kg m−3 with a step of 50 kg m−3, 330000 model solutions
were computed. These were required to have a standard χ2 on lightcurve and de-
celeration less than or equal to 0.07. A total number of 2994 solutions satisfied this
particular condition, and the density distribution is plotted in Figure 3.25. Among
these good solutions, the best one had a density of 500 kg m−3 (plotted in figure
3.26) and its total modeled mass was 1.77 10−7 kg. Table 3.9 shows the values of
other parameters of the best solution. The good solutions range from 200 kg m−3 to
800 kg m−3 and the best solution with the smallest χ2 is 500 kg m−3. The density
of PEKI09 is estimated as 500 + 300/- 300 kg m−3.
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Figure 3.25: Plot of good solutions for PEKI09.The best solution falls at 500 kg
m−3. The left bound is 200 kg m−3 and the right bound is 800 kg m−3
Figure 3.26: Lightcurve and deceleration of PEKI09, with the best fitting model.
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Table 3.9: Summary table of the six meteors and their statistical densities as given
by the method. A value of 1 in the size column means there is only one size of
grains in the composition of the meteoroid, 1,2 two sizes in the composition of the
meteoroid and 1,2,3 three sizes of grains in the composition of the meteoroid
Name Modeled mass Grain mass # grains size density
(kg) (kg) (kg/m3)
ELSL01 4.36 £ 10¡ 6 1.50 10¡ 10 3550 1 7000+1500 /-1500
4.50 10¡ 9 470 2
ELSL09 7.63 £ 10¡ 8 1.0 10¡ 11 8 1 900+200 /-250
9.7 10¡ 10 87 2
ELSL11 1.36 £ 10¡ 7 1.10 10¡ 11 450 1 5500+2500 /-500
1.3 10¡ 10 430 2
1.93 10¡ 9 30 3
ELSL12 4.41 £ 10¡ 8 3.16 10¡ 11 900 1 4500+2000 /-2500
2.02 10¡ 9 8 2
PEKI08 1.40 £ 10¡ 7 1.78 10¡ 10 787 1 600+200 /-200
PEKI09 1.77 £ 10¡ 7 1.78 10¡ 10 998 1 500+300 /-300
3.6 Discussion
Our analysis emphasizes that when it comes to modeling meteoroid behaviour, where
many free parameters are involved, we should not in general expect to find a unique
solution matching the lightcurve, or even both the lightcurve and the deceleration.
Different combinations of free parameters can produce modeled lightcurves and de-
celerations falling within the observed error bars. If solutions closely matching the
observations can be found for both high and low densities, the data often are not
sufficiently restrictive to uniquely determine the meteoroid density. We found, for
the six meteors we observed, that good solutions were concentrated in a relatively
small portion of the density space, meaning that a meaningful density and an esti-
mate of the error could be found. In our case, the fact that the number of good fits
falls to zero for densities higher and lower than the best fit density gives the ultimate
boundaries to the meteoroid density, though these may be somewhat conservative.
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Our analysis revealed similar behaviour to that found by Borovicka et al. (2007).
Both works showed that meteoroids fragment gradually near the onset of detectable
light production into constituent grains whose masses vary in a very narrow range
between 10−9 and 10−12. In both studies, the disruption occurs with an energy
around 106 J kg−1. The grain distribution used in our study (between one and three
discrete sizes of grain) is in contrast to that used in other studies, many of which
use the more physical assumption of a power law (Borovicka et al. 2007, Beech,
1986, Beech and Murray, 2003). The lightcurves produced by this simplification are
almost as smooth as the power-law generated curves, and deliver a considerable gain
in computation time, since particles of the same size released at the same time can
be simulated as a single particle and their luminosity later multiplied. Computation
time was of critical importance in our study, since hundreds of thousands of models
had to be run for each meteor.
In this work, we obtained the density of each meteoroid after fitting both its
lightcurve and deceleration. This was done for first time by Borovicka et al. (2007)
for six Draconids. They found an estimated density of 300 kg m−3 for Draconids
in full agreement with Ceplecha (1988) and Revelle (2001). The meteoroids in our
work had a range of densities going from 500 kg m−3 to 7000 kg m−3, overlapping
with values obtained by Babadzhanov (2002) and Bellot Rubio et al. (2002).
Three of the six meteoroids have very high density (ELSL01, ELSL11, ELSL12).
They fall well within the range of density defined by Babazhanov (2002) whose inves-
tigation on density of meteoroids took into account the fragmentation process. But
they are significantly higher than the range defined by Bellot Rubio et al. (2002).
Some of the ablation for these higher density meteoroids may be occurring as liquid
droplets, rather than as discrete grains (Lebedinets and Portnyagin, 1968). Associ-
ation of these high density meteoroids with asteroidal objects is further supported
by their orbits which have Tisserand values greater than 3, consistent with an as-
teroidal origin. These events may represent the iron meteoroid population identified
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at slightly larger sizes spectrally by Borovicka et al. (2005); our work suggests that
this iron meteoroid population may extend down to even smaller masses. Among
the meteors we believe underwent fragmentation (and had more than one size of
grain), ELSL09 does have a low density. Thus, we cannot automatically associate
fragmentation with high values of density. This suggests that when the model is
based not only on the observed lightcurve, but also on the observed deceleration be-
haviour of the meteoroid, there is no exclusive bias against finding low densities with
the model. We can also address the disagreement of Bellot Rubio et al. (2002) with
Babazhanov’s work (Babazhanov, 2002) concerning the value of heat of ablation.
Babazhanov (2002) assumed the heat of ablation to be fixed to 2.8 £ 105 J kg−1
(latter, he brought it to 2 £ 106 J kg−1), but in our study we found different heats
of ablation involved in good model fits of different meteoroids. This shows that the
heat of ablation cannot be assumed, but should be fitted as a free parameter. The
density of three other meteoroids (ELSL09, PEKI08, PEKI09) fell well inside both
the ranges defined by Bellot Rubio et al. (2002) and Babazhanov (2002). All of
these meteors fragmented, but had densities at the lower end.
The heights of meteors of the Swedish campaign (at different season and lati-
tude) are significantly higher than the Canadian one. This is partly the result of
the observing geometry and may also reflect our detection bias given the volume
sampled from both sites. While one of our six events has a nominally hyperbolic
orbit, the precision of the velocity measurement (given the paucity of data points for
the Swedish campaign data) together with the large extrapolation between the ob-
served and extra-atmosphere velocity suggests to us rather that this is measurement
uncertainty.
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3.7 Conclusion
In this work we have, for the first time for meteoroids in the size range of 10−7 to 10−8
kg, used both the dynamic and photometric observations of meteoroids to determine
their densities, using a full simulation of ablation including fragmentation. We have
exhaustively searched the parameter space to ensure that the density limits we
determine from the model fully characterize the possible range of density. Previous
studies of meteoroid density have relied on finding a single model which matches the
observations, without searching for other combinations of the free parameters which
might yield equally good fits. The number of meteors for which we have applied
this modelling technique has been limited and we have analysed these in detail
mainly to demonstrate the method at this stage. We note that our findings in terms
of meteoroid physical properties should not be taken to represent the meteoroid
population as a whole as our sampling is very biased by the requirements of complete
trails.
Among 13 meteors in the first observing run and 29 meteors in the second run,
only six satisfied the criteria of both starting and ending in the field of view of at least
at one of the two stations (the necessary criteria to guarantee a complete lightcurve
for an accurate photometric mass of the meteoroid). Among the six meteors, three
with relatively low velocity were found to have very high densities. Taking into
account fragmentation in determining the density of meteoroid does not, however,
necessarily lead to higher values of meteoroid density, particularly when the heat
of ablation of the meteoroid material is kept as a free parameter. The proportion
of small meteoroids with high densities may be underestimated. It is possible these
nearly pure iron meteoroids represent the impact pulverized remains from asteroids
with ordinary chondrite compositions, a process which has been demonstrated in the
lab to produce small, nearly pure iron particulates (Horz et al. 2005). Instruments
with a narrow field of view and very high sensitivity are able to record these very faint
meteoroids. Apart from the small number statistics in this study, our observations
114
were biased toward slow, dense meteoroids which ablate low in the atmosphere and
therefore have shorter trails, more likely to begin and end in the field of view.
Precise measurements of deceleration provide a very important constraint in
determining meteoroid density. For small meteoroids, both the photometric and
dynamic data are needed to adequately constrain ablation models. High velocity
meteoroids typically only show deceleration at the very end of their trajectory, with
most of the energy transfer being used for ablation and very little going in to chang-
ing the velocity, making deceleration difficult to measure. The equipment used in
this investigation is capable of detecting very small decelerations, but the number
of usable meteors is small because of the very small fields of view. The next step
will be to see if standard meteor video cameras, with fields of view in the 15 to 30
degree range, can measure the deceleration with enough accuracy to constrain the
model parameters, particularly density. If so, many more meteor densities will be
determined, giving the statistics needed for an analysis of the average composition
of meteoroids.
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Chapter 4
A model for saturation correction
in meteor photometry
Originally published as:
Kikwaya, J.B., Weryk, R.J., Campbell-Brown. M, Brown, P.G. (2010). A model
for saturation correction in meteor photometry, Monthly Notices of the Royal As-
tronomical Society, 404, 387-398.
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4.1 Introduction
Our knowledge of meteoroids, particularly regarding their physical properties (com-
position, structure, etc.) has improved in the last century thanks to successive
improvements in radio and optical instruments (radar, photographic Super-Schmidt
and low light level television systems, for example). Determining the physical prop-
erties of meteoroids generally depends on observing the deceleration and mass ab-
lated as a function of time; in other words it requires precise observations of position
and brightness or ionization at many points along the meteor trail.
Radio observations have the advantage of observing in daytime and through
clouds. However, transverse backscatter systems provide ionization information for
only one point (or, with special systems, a handful of points); they are therefore of
little use for compositional studies. Radial scatter (High Power Large Aperture, or
HPLA) systems can measure ionization at many points (Campbell-Brown & Close,
2007), and can be used to generate ionization curves, but the observing biases and
calibration from scattered power to mass are still poorly understood.
Some of the most complete studies of the complex physical structure of mete-
oroids have come from the analysis of optical meteors recorded by Super-Schmidt
cameras (Jacchia & Whipple, 1961). Jacchia, Verniani & Briggs (1967a,b) provided
precise information on the orbits, trajectories, decelerations and light curves of over
four hundred meteors down to about a magnitude of +3. From these analyses, the
idea of a meteoroid as a conglomerate of tiny grains began to emerge. Differential
deceleration (inferred from the presence of wake), irregularities in light curves and
shorter trail lengths further supported the idea that meteoroids are conglomerates
of tiny grains.
However, Super-Schmidt cameras are restricted to meteors brighter than a mag-
nitude of +3. A complete understanding of the physical structure of meteoroids and
how they ablate can only be obtained by extending optical techniques to fainter me-
teors. This became possible with the introduction of low-light-level electro-optical
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techniques in the 1960s, modern versions of which have limiting magnitudes from
+6 to +9 (see Hawkes and Jones, 1986).
The sensitivity of image intensified video is much greater than photographic
film, but it has drawbacks. TV systems typically have much lower resolution than
photographic film, resulting in larger errors in computed trajectories and orbits.
Photometry is also more difficult: video is typically digitised as 8-bit grayscale
images, meaning each pixel can have a value from 0 to 255. A pixel saturates when
too many photoelectrons are collected on one pixel, exceeding its full well capacity
(Howell, 2000). When this happens, blooming can occur as the image of a bright
object spills onto neighbouring pixels, but the maximum pixel value is truncated at
255. The cross section of an unsaturated meteor is generally assumed to be Gaussian,
but a saturated meteor is clipped above a pixel intensity of 253 ADUs. In general,
the brightness of a meteor which saturates a CCD detector will be underestimated
due to the clipping. This will also cause the photometric mass to be underestimated.
The mass distribution index of meteoroids is important when estimating the
hazard to spacecraft. Mass distribution indices of sporadic meteors can be calculated
by plotting the distribution of masses of observed meteors (eg Hawkes & Jones, 1975,
who found s = 2.02 § 0.04 for TV meteors), or by counting the number of meteors
observed with different limiting magnitudes (Clifton 1973, s=2.26; Cook et al. 1980,
s=2.33). These two techniques have produced significantly different values for the
mass distribution, and part of the difference may be due to saturation effects in
mass calculations.
Density is an important property of meteoroids since it can help to determine
their physical characteristics, particularly composition and structure. Because the
photometric mass of a meteoroid is involved in the computation of its density, ac-
curate photometric masses are critical to determining the density of the meteoroid.
If the saturation correction is not applied for bright, saturated meteors, the photo-
metric mass will be underestimated and the density derived will tend to be overes-
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timated.
Swift, Suggs & Cooke (2004) developed a program, METEOR44, to determine
the unique saturation correction for a particular camera/lens set. In their setup,
an artificial, fixed star of variable brightness is created in the laboratory using a
turning wheel with a neutral density filter of varying density. Standard photometric
routines are used to determine the magnitude of this artificial star and a power law
function is applied to fit the magnitude versus filter transparency. This power law
can then be used to find the true magnitude of a meteor. Swift, Suggs & Cooke
(2004) applied this technique to one night of observations during the 2001 Leonid
storm. The masses thus obtained were shown to be significantly different from
those obtained with no saturation correction. The advantage of this technique is
that a large dynamic range of brightnesses/saturation corrections can be measured
under controlled conditions. The main difficulty with this method is that it is time
consuming to set up (unless a dedicated lab setup is maintained), and must be
redone each time the camera or intensifier settings are changed. Furthermore, the
method uses only a point source in the calibration; most meteors have significant
angular velocity and the spread of the meteor across the detector is not taken into
account. Extended sources are also difficult to accurately replicate in the laboratory.
In this work, we will instead model the response of an image intensified video
instrument, taking into account the angular speed of the meteor, the background of
the image and the width of the meteor. The goal is to correct the clipped profile
of a saturated meteor to account for the light which is missed. The model will be
tested against actual meteor data taken with image intensified video cameras.
4.2 Observations and Equipment
Data were collected on two nights: October 31st, 2008 and November 6, 2008 from
04:00 to 10:00 UTC. Third generation (Gen III) ITT NiteMate microchannel plate
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image intensifiers with 18 mm GaAs detectors were used (for technical details about
these Gen III intensifiers, see Hawkes et al., 2001). These were lens coupled to Cohu
4910 series video CCD cameras, which are high performance, relatively sensitive,
monochrome CCD cameras with analog output (Hawkes et al., 2001). We used two
of these systems, identified as T and Q, on each of which a 25mm Fujinon f/0.85
lens was used as the objective.
Gen III intensifiers are similar to Gen II, in that they are less susceptible to
blooming than first generation intensifiers when imaging bright point objects. The
main improvement over previous generations is tube lifetime, sensitivity at longer
wavelengths and the elimination of persistence from one video frame to another,
making it possible to accurately measure the light from the meteor in each frame.
The observations took place at Elginfield, Ontario, Canada (43◦ 11′58 N, 81◦
18′90 W), near London, Ontario. The two cameras, T and Q, had a common pointing
direction of 42◦ altitude and 181◦ astronomical azimuth. Since no major showers
were active, a convenient direction was chosen which was easily found with both
cameras, since they had to be pointed identically. The 8-bit, 640x480 pixel images
were streamed directly to computer at the standard NTSC rate of 30 interlaced
frames per second. No compression routines were involved in the storage of the
image data. Individual deinterlaced fields (60 per second) were used in this work
(see also Hawkes et al., 2001).
The field of view of each system was 34.4◦ £ 24.9◦, producing a resolution of
0.05◦ per pixel (3.1′ per pixel). For a meteor occuring at an altitude of 100 km, one
pixel represents 94 m. The limiting stellar magnitude of each video camera system
was between +7.5 to + 8 with the lens iris fully opened.
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4.3 Data and Reduction
At the beginning of each night of observations, we set the gain of each camera (T
and Q) identically. The f-stop on each of them was set to f/0.85 and the cameras
were identically focused. Line profiles of pixel brightness across images produced
by each camera were compared in real-time to verify that the background was the
same, so that the two cameras would have identical detection probabilities. On the
first night, the gain of both cameras was set so that the background was 50 ADUs;
on the second night, in order to obtain more background stars for calibration on
camera Q, we increased the gain on both cameras so that the background was 70
ADUs.
To collect data for this saturation study, the lens aperture on camera Q was
reduced two stops, to f/2, decreasing sensitivity by a factor of 4. With this arrange-
ment, a very bright meteor which saturated camera T might not saturate camera
Q. Our approach is to collect meteors where the light curve can be found with
no saturation correction from the camera Q observation, and this can be used to
correct the saturated part of the light curve from the camera T data. This will
then be compared to the predicted correction from the saturation model. As well,
we will examine a smaller number of common events saturated on both cameras
(but to different degrees) and apply model corrections to both cameras to check for
agreement.
On the first night of observations (October 31, 2008) we collected 256 meteors,
and on the second night (November 06, 2008) 260 meteors were captured. The value
of each pixel within a meteor trail determined whether or not a particular meteor
was considered saturated. Since our system generates 8-bit images, any pixel with a
value of 255 is saturated; but analysis showed that saturation in our system occurs
sooner, at pixel values of 253, because of the digitization process. In Fig. 4.1, Fig.
4.3 and Fig. 4.4, all pixels with values greater than 253 appear in solid gray to
clearly discriminate them from unsaturated pixels. Based on the saturation data,
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Figure 4.1: Meteor recorded on October
31, 2008 at 09:38:50 UTC, which satu-
rated camera T
Figure 4.2: Same meteor captured on Oc-
tober 31 2008 at 09:38:50 UTC on camera
Q, which was not saturated.
we sorted the meteors into three different groupings. The first group consisted of all
the meteors that saturated camera T and did not saturate camera Q ( Fig. 4.1 and
Fig. 4.2): there were 30 meteors in this group. The second group (7 meteors) were
very bright meteors which saturated both cameras T and Q (Fig. 4.3 and Fig. 4.4).
The third group contains all the faint meteors which did not saturate either of the
cameras. Group III contained 479 meteors, or nearly 93% of the sample. This
shows that most light curves collected with these cameras do not require saturation
corrections: this work affects only the brightest meteors. The fraction of bright
meteors will be higher during showers, which tend to have more large particles, so
typical shower data would have a greater fraction of affected meteors. We should
note, however, that the brighter meteors often penetrate deeper and show more
deceleration so are more frequently used in physical studies requiring such data.
We were particularly interested in meteors belonging to groups I and II. In the
case of group I, we can correct the saturated light curve from camera T with the
model, and compare the result with the unsaturated light curve from camera Q to
verify that the model correction is valid. For group II, where both cameras were
saturated, we can correct both light curves with the model and confirm that the
results are consistent.
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Figure 4.3: Meteor recorded on Novem-
ber 06, 2008 at 03:34:58 UTC, which sat-
urated camera T
Figure 4.4: Same meteor captured on
November 06 2008 at 03:34:58 UTC; it
also saturated camera Q
We used standard routines for the meteor photometry. For both group I and
group II meteors, each frame is flat fielded, and the photometric magnitude of the
meteor is computed by calibrating the log-sum-pixel of the meteor with those of
surrounding stars (see Hawkes et al., 2001; Hawkes, 2002). The log sum pixel of
each star is calculated by taking a disc covering the whole star and a surrounding ring
representing the background. The median value of pixels in the ring is subtracted
from the disc (taking into account pixel areas), and the instrumental magnitude
of the star is computed as the logarithm of the sum of the pixel intensities in the
disc: these are compared to catalog V magnitudes (from SKY2000v4, Myers et
al., 2001) with a linear fit to obtain the calibration. The linear fit has a fixed
slope of unity, and the offset of the line gives the calibration of the system. A
typical error of 0.1-0.3 magnitudes is found for each star. At fainter magnitudes,
this error is dominated by counting statistics and shot noise in the intensifier. At
brighter magnitudes, the error is primarily due to uncertainty in the photometric
calibration. Photometric measurement errors are determined using standard error
techniques, where the standard deviation of the photon count is governed by Poisson
statistics. This gives an error in the photometric magnitude of 2.5/
p
N (where N is
the pixel intensity sum, proportional to the number of photons), to which the error
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Figure 4.5: Observed light curve of meteor
20081031-093850; saturated, from camera
T, and unsaturated, from camera Q
Figure 4.6: Observed light curve of meteor
20081106-081528; saturated, from camera
T, and unsaturated, from camera Q
from the photometric calibration is added. The light curves are kept in apparent,
rather than absolute, magnitudes, since the range to the two cameras is identical.
As an example, the light curve of meteor 20081031-093850, a group I member
which occured on October 31, 2008 at 09:38:50 UTC, is shown in Fig. 4.5. The
saturated light curve from Camera T has a peak magnitude of +2.3 § 0.3, while
the unsaturated light curve from camera Q has a peak magnitude of +1.5 § 0.3. A
maximum correction of 0.8 magnitudes, added to the saturated light curve, is needed
to make the two curves agree. Meteor 20081106-081528 shows a difference of 0.9
magnitudes at peak magnitude between the saturated light curve from camera T and
the unsaturated light curve from camera Q (Fig. 4.6). For this meteor, saturation
occurs at a magnitude of about +2.8: from frame 27 to 38 the saturated light curve
shows a plateau which is not seen in the unsaturated curve.
Table 4.1 gives the relevant information for the 30 meteors of group I for which
we apply model corrections.
4.4 Saturation Correction Model
When the individual frames of an unsaturated meteor are studied, we find that their
transverse cross sections have a Gaussian profile. This is consistent with the fact
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that a point source will have a Gaussian point spread function (PSF) and a meteor
can be treated as a moving point source. In this work, we develop a new numerical
model to correct the effects of saturation in bright meteor images. We will test
the model using data from our specific Gen III image intensifiers coupled to video
rate CCD cameras, but the approach is general and can be applied to most camera
(except all-sky images since, with these systems, the meteor overhead appears much
bigger than the one near the horizon).
Our frame-grabbers (based on the Brooktree 878 chipset) produce NTSC reso-
lution images in an 8-bit YUV colour-space. Y (the luma component, as opposed
to UV which are the chroma components) is defined in the interval 16-235, however
our specific frame grabbers allow the range 16-253. Pixel intensities greater than
253 ADUs are clipped to 253, which means that any photometric measurements of
clipped meteors will be underestimates.
The saturation correction has two components: one generates artificial meteor
images by smearing out a Gaussian profile to mimic a recorded meteor, and the other
is a model which calculates the correction term to be applied to these synthetic
events because of saturation. We can test the model on the data collected: the
artificial meteors are used to explore how the correction is influenced by the input
parameters, outside the range of the collected data.
4.4.1 Synthetic lightcurve
To make light curves for testing, we use three principal inputs: the meteor angular
speed (in pixels/second), the meteor width and the image background. Knowing
the field rate of our camera, we determined the meteor angular speed by measur-
ing the distance the meteor travelled in one field multiplied by the field rate. The
entire image background is given by the average pixel intensity of the image back-
ground. The Gaussian standard deviation (width, σ) of the meteor is estimated to
be approximately one pixel. From other studies (Kaiser et al., 2004) optical trail
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width is less than » 10 meters, much smaller than one pixel. In our simulated data,
the background has a constant value, so the position of the meteor in the field is
unimportant.
Our simulator uses each field (field being a deinterlaced frame and having a rate
twice the frame rate, in our case 60 fields/sec). The image size is set by default to
640x480 pixels, the same as our recorded data. The time step for sliding the point
source in the computation is set by default to 0.0001 second and the frame rate
to 60000/1001 second (60 fields per second). The time step of 0.0001 is chosen to
provide enough steps to make the simulated trail smooth. The bit depth of images
created was 8 bits and the Gaussian sigma was 1 pixel, to match the measured
meteor widths.
At the beginning of the computation, an image 640x480 pixels with the back-
ground value is created and a synthetic meteor starts at the position (x,y)=(50,50)
on the first field. This particular position is near the top left corner of the image;
the direction of the meteor is set to -20 degrees (going toward the bottom right
corner) to ensure that the entire meteor will remain inside the image for our range
of required model angular speeds. The exact position and direction of motion is
arbitrary.
To ensure that the change in meteor brightness with time were not missed, we
choose an arbitrary function to simulate a lightcurve (Fig. 4.7). In our model, the
function we chose is given by the expression (4.1). Any smooth shape that covers
the desired dynamic range can be used.
M = 7.0 ¡ 10.0 ⁄ sin(2.0 ⁄ pi ⁄ t
5.0
) (4.1)
The function gives the magnitude of the simulated meteor as a function of time
t (for t=0, the magnitude value is 7, close to the faintest magnitude found in real
lightcurves given by our GenIII cameras).
The total intensity (sum of all meteor pixels in one field) is calculated from the
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Figure 4.7: Top: Lightcurve of meteor 20081031-093438. Its shape demonstrates the
gradual increase and decrease of a typical observed light curve: note the saturation
effect on the more sensitive camera). Bottom: our function (M = 7.0 ¡ 10.0 ⁄
sin(2.0∗pi∗t
5.0
)) reproduces the general shape of the meteor lightcurve.
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magnitude using equation (4.2) where M′ is the uncalibrated magnitude (equal to
M minus the appropriate stellar calibration offset for this camera).
∑
I = 10(M
′/−2.5) (4.2)
At each time step to the end of the field exposure, we draw a Gaussian whose
amplitude A is given by (4.3) and spread the total intensity over a ten pixel radius
of the per-step meteor position using (4.4) where P is the ADU pixel value at the
distance r. We choose 10 pixels, as the numerical values this far from the center
using our Gaussian expression become negligible. The position is then updated
at each step and the process repeated. Because of the small width, there is little
change in pixel value beyond a few pixels. When the frame is complete, the pixels
are clipped to 253, to mimic the real data. See Fig. 4.8 for the algorithm.
A =
∑
I
2 ⁄ pi ⁄ σ2 (4.3)
P = A ⁄ e(−0.5∗
r2
σ2
) (4.4)
4.4.2 Numerical saturation model
The saturation model can now be applied to the simulated data to investigate the
effects of the input parameters on the saturation correction. For both the simulated
and real data, the apparent magnitude, background value, meteor angular speed,
frame rate, and Gaussian width of the meteors are required for input. The model
creates a single artificial meteor frame by smearing a Gaussian in a small (20 x
20 pixel) sub-frame, using the apparent magnitude to generate the intensity profile.
This profile is clipped to simulate saturation, and its clipped magnitude is compared
to the input. If the input is unsaturated, this model output will be the same as the
input. If the input is saturated, the model output will be too small. If saturation is
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Figure 4.8: Diagram detailing the procedure used to create the artificial light curve.
Tf is time of a deinterlaced frame (16 ms), N is the current frame number, dt is
the time step, Tend is the light curve total time and I represents intensity of the
simulated meteor in the virtual frame buffer that has no saturation limit. Two left
bottom boxes: once a frame is complete, it is saved and will be used by a separate
step while the program continues in the upward direction.
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data without applying saturation; the ap-
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when any pixel with a value more than
253 ADUs has been clipped to 253 ADUs.
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lightcurve corrected using our model of
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Figure 4.10: Residuals between true mag-
nitude and corrected magnitude of the
synthetic lightcurve created with an an-
gular speed of 300 pixels/second, back-
ground of 50 ADUs and σ of 1 pixel. The
points at the beginning and end, where
the correction was close to zero, are not
plotted. Our model of saturation correc-
tion shows a residual average (rms) of 0.10
magitudes
.
present, the artificial meteor is scaled by a small factor using an iterative procedure
and the new output is compared until the model output matches the input.
As an illustration, we created a synthetic meteor with an angular speed of 300
pixels per second, a background of 50 ADUs, and a Gaussian standard deviation (σ)
of 1 pixel (Fig. 4.9). From the true synthetic lightcurve, by clipping each pixel with
a value more than 253 ADUs to 253 ADUs, we extracted the synthetic apparent
lightcurve. This is what would be observed by a real-world camera. Using this
apparent lightcurve, we were able to compute its corrected synthetic lightcurve using
the model. The example shows that the corrected lightcurve is close to the original,
unclipped lightcurve to within 0.3 magnitudes (Fig. 4.10).
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4.4.3 Effect of input parameters on saturation correction
There are three variables in our model that control where the saturation begins:
background brightness, angular meteor speed and meteor width. The average back-
ground value in the image must first be measured, as it limits the true dynamic
range of the image. For example, if the background level is 50 ADUs, then there are
203 effective ADUs before saturation. If the background is 75 ADUs, then there are
only 178 effective ADUs before saturation. Fortunately, the background level is very
straightforward to measure. In Figs. 4.11 and 4.12, the angular meteor speed is fixed
at 50 pixels per second, the Gaussian σ at 1 pixel, and the background is varied from
10 to 70 ADUs. The apparent magnitudes (ie. what a real-world caamera would see)
are plotted against the corresponding true unsaturated magnitudes. These values
are log-sum-pixels where calibration is not yet applied. This particular simulation,
based on background variation, shows that the meteor saturation point (where the
measured magnitude diverges from the true magnitude becomes fainter) when the
background increases, as expected. Figure 4.12 gives the saturation correction term
versus the corresponding apparent magnitude.
The angular speed of the meteor is the next factor affecting the amount of satura-
tion in an image. Because the meteor is a smeared out Gaussian, the faster it moves
across the CCD, the more spread out its light will be, meaning that any individual
pixel will not integrate as much light (ie: the dwell time over any particular pixel
is reduced). Like the background level, the angular speed is also straightforward to
measure. To simulate the effects of angular meteor speed with our synthetically gen-
erated meteors, we kept the background fixed at 50 ADUs and the meteor Gaussian
standard deviation at 1 pixel, and varied the model meteor speed from 50 to 400
pixels/second. The saturation point as a function of meteor angular speed is shown
in Fig. 4.13. Figure 4.14 shows that the correction term varies more with speed vari-
ation than with background variation. For instance, for an apparent uncalibrated
saturated magnitude of -10.0 magnitude (see Fig. 4.14), the correction term goes
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Figure 4.11: Simulated starting saturation
point when the background level is varied
from 10 ADUs to 70 ADUs. True model
magnitude is the magnitude measured
taking into account the total amount of
light from the model while apparent model
magnitude is the model magnitude taking
into account the saturation effect. The ap-
parent magnitude is what a camera would
record. The Meteor saturation point de-
creases (becomes fainter) as the back-
ground increases.
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Figure 4.12: Saturation correction for sat-
urated light curve as the background level
is varied from 10 ADUs to 70 ADUs. The
correction represents the magnitude to be
added to the apparent model magnitude
to correct the effect of saturation to reach
the true input model magnitude. For in-
stance, for an apparent model magnitude
of -9.0 magnitude, the correction term
goes from about 0.5 magnitude for a me-
teor with a background of 10 ADUs to al-
most 1.0 magnitude for a meteor with a
background of 70 ADUs.
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Figure 4.13: Simulated saturation point
with varying angular meteor speed from
50 pixels/second to 400 pixels/second.
True model magnitude is the magnitude
measured taking into account the total
amount of light as input from the model
and apparent model magnitude is the
magnitude which would actually be mea-
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creases, as expected since light spreads
over fewer pixel at lower angular speeds.
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Figure 4.14: Saturation correction for
saturated meteor points with varying an-
gular meteor speed from 50 pixels/second
to 400 pixels/second. The correction
represents the magnitude to be added to
the apparent model magnitude to correct
the effect of saturation. For instance, for
a particular apparent model magnitude,
the correction term increases as the
meteor speed decreases.
from about 0.5 magnitude for a speed of 400 pixels/second to 2.0 magnitudes for a
meteor speed of 200 pixels/second.
Lastly, the width of the Gaussian profile used in the simulated images must
correspond to the width of a real meteor. We found by direct measurement of many
real meteor images that the vast majority of meteors have a constant Gaussian σ
around 1 pixel for our systems; this is consistent with the fact that the luminous
region around a meteor (see Kaiser et al., 2004) is much smaller than the pixel
resolution (which is of order 100m for the systems used in this study). We give in
Figs. 4.15 and 4.16 some results of simulated saturation corrections as the width
is varied. We varied the meteor Gaussian width from 0.7 to 1.3 pixels and kept
fixed the meteor speed at 250 pixels/second and the background at 50 ADUs. The
saturation starting point decreases (becomes fainter) as the meteor width decreases
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Figure 4.15: Simulated saturation point
with varying meteor Gaussian width from
0.7 pixels to 1.3 pixels. True model mag-
nitude is the magnitude measured taking
into account the total amount of light and
apparent model magnitude is the model
magnitude taking into account the satu-
ration effect. Meteor saturation point de-
creases (becomes fainter) as the meteor
width decreases.
−12−11−10−9−8−7−6−5−4
−1
−0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
actual magnitude
co
rr
e
ct
io
n 
(tr
ue
−a
pp
are
nt)
 (m
ag
)
 
 
0.7 pxl
0.8 pxl
0.9 pxl
1.0 pxl
1.1 pxl
1.2 pxl
1.3 pxl
ratio 1:1
Figure 4.16: Saturation correction for
saturated light curve with varying meteor
gaussian width from 0.7 pixels to 1.3
pixels. The correction represents the
magnitude to be added to the apparent
model magnitude to correct the effect of
saturation. The correction term increases
as the meteor width decreases.
(a meteor with a smaller Gaussian width would start to saturate earlier than a
meteor with a bigger Gaussian width). For instance, a meteor with a width of
0.7 pixels starts to saturate around -9.0 uncalibrated magnitude in our simulation,
while the one with a width of 1.30 pixels will begin to saturate only around -10.0
uncalibrated magnitude. The correction term, as with angular meteor speed, varies
more with meteor width than image background. For an uncalibrated saturated
meteor frame of -10.0 magnitude (see Fig. 4.16), the correction term goes from 0.5
magnitude for a meteor width of 1.3 pixels to 2.0 magnitudes for a meteor width of
0.8 pixels.
It is important to note that our model can introduce errors if meteors behave
differently than we have assumed. For example, our correction is questionable if a
meteor is not a point object (and thus has a non-Gaussian PSF); when it is very
bright (causing ringing in the video signal due to camera bandwidth limitations); or
when other artifacts are present (such as an extended wake along the meteor trail).
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It may be possible to include these effects in a future version of this correction model.
However, as we will show in the next section, our numerical model produces good
results when applied to typical observed meteors, so deviations would appear to be
the exception not the rule. Another effect which must be considered is reciprocity
failure, in which the response of a CCD becomes nonlinear before just saturation.
However, it seems the camera systems used in this study are not strongly affected
by this effect. Hawkes (2002) notes that the intensified and CCD response are
”surprisingly” linear even well into the saturation regime (cf Hawkes, 2002, p.110).
We neglect non-linear effects, but caution that such effects could be significant for
large saturation corrections and/or other camera systems.
4.5 Results
We first compared the simulated saturation correction with the observed group I
meteor data. If the model correction makes the saturated light curve agree with
the unsaturated one, we will have confidence using it in future studies to correct
saturated light curves with our cameras. Each meteor will be simulated (using the
observed parameters as input into the model) and the difference between the model
saturated and model unsaturated magnitudes will be used to correct the observed
saturated light curve. For each saturated curve, we obtain the background level,
extracted from the meteor images from camera T, and the angular meteor speed,
as the measured change in position of the meteor from one frame to another. The
angular meteor speed is nearly constant from frame to frame. The Gaussian σ of
the meteors was taken to be 1.0 pixel in all cases.
The magnitudes generated by the model are in instrumental magnitudes: we
determine the offset to convert the observed light curve to an apparent visual mag-
nitude by comparison with the stars in the image (around 100 stars for camera T
and 80 stars for camera Q), and use the same conversion to calibrate the simulated
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light curve.
In practice, the model generates a simulated lightcurve, not the one that we ob-
serve. Actually, the shape does not matter as we are interested in the correction only
at one specific magnitude. We run the model with the three input values measured
on an observed meteor, and obtain a saturated and unsaturated curve. We use in-
terpolation between two values closest to the observed saturated magnitude to find
the corresponding unsaturated model magnitude, and take the difference to obtain
a correction factor. This is subtracted from the observed saturated magnitude to
obtain a corrected magnitude for the saturated curve. In calculating the uncertainty
for the corrected light curve, we neglect the uncertainty introduced by errors in the
model, since the measurement errors in the observed magnitude are expected to
be much greater. We do not discriminate the saturated and unsaturated points in
the observed camera T light curve, but calculate correction factors for all of them:
the model automatically gives a correction of zero if a point on a light curve is not
saturated.
4.5.1 Group I meteors
Application of this procedure to two typical group I meteors are shown. Meteor
20081031-093850 had a measured speed of 393 pixels/s. Figure 4.17 shows the
saturation correction calculated for this particular meteor; it shows that the meteor
begins to saturate at around +3.0 apparent magnitude. The figure 4.18 also gives the
correction term as more and more of the meteor is saturated, up to +2.2 apparent
magnitude. The biggest correction term is about 0.8 magnitudes.
Figure 4.19 shows the result when the model correction is added to the observed
saturated light curve and compared with the observed unsaturated light curve for
the same meteor. Figure 4.20 shows the residuals between the model-corrected
saturated curve measured by Cam T and the unsaturated one observed by Cam
Q. The first 19 points in this plot are unaffected by the saturation correction since
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Figure 4.17: Modelled and observed light
curve of meteor 20081031-093850
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Figure 4.18: Saturation correction rela-
tionship for meteor 20081031-093850
the meteor was unsaturated in both cameras at that time. The root mean square
(residual average) including the first 19 points is 0.25 magnitudes, showing that our
saturation correction has very closely reproduced the unsaturated curve.
The saturated and unsaturated light curves of meteor 20081106-081528, mea-
sured by camera T and Q respectively, are plotted in Fig. 4.21, and the saturation
correction is given in Fig. 4.22. We note that the meteor becomes saturated in
camera T around +3.4 magnitude, 0.4 magnitudes brighter than the previous night;
this is because of the change in the background value.
The model-corrected saturated light curve is compared with the observed unsat-
urated light curve from Cam Q in Fig. 4.23. Figure 4.24 gives the residuals between
the model-corrected saturated light curve and the observed unsaturated one. The
average value in residuals is about 0.18 magnitudes. Note that the first six points
have residuals around 0.0 magnitudes; these are unsaturated points in both cameras.
Table 4.1 gives information for group I meteors. Column 1 gives the name of
the meteor, based on the date and time the event occured. Column 2 gives the
observed angular velocity of the meteor in pixels per second as described above.
Columns 3 and 4 contain the maximum value of the observed saturated light curve
from camera T and the maximum value of the observed unsaturated light curve
from camera Q. Column 5 lists the maximum difference between the saturated and
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Figure 4.19: Saturated light curve ob-
served by Cam T, observed unsaturated
light curve by Cam Q and model-corrected
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Figure 4.20: Residuals between observed
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Q and model-corrected saturated light
curve from Cam T data for meteor
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Figure 4.21: Modelled and observed light
curves of meteor 20081106-081528
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Figure 4.22: Saturation correction rela-
tionship for meteor 20081106-081528
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Figure 4.24: Residuals between observed
unsaturated light curve from Cam Q and
modelled unsaturated light curve for me-
teor 20081031-093850 based on correction
of the observed saturated light curve from
Cam T
unsaturated light curves, and column 6 gives the maximum correction value. The
difference between column 5 and column 6 gives a measure of the deviation between
the observed correction coming from the observed unsaturated light curve and the
modelled correction provided by our saturation correction technique.
Table 4.1 shows clearly that the background is strongly related to the starting
saturation point, and it must be taken into account in any saturation correction.
On October 31, 2008, when the background was set at 50 ADUs, the peak saturated
values for camera T occured between +2.9 magnitude and +1.91 magnitude, while
on November 06, 2008 – where the background reached the value of 70 ADUs – the
peak saturated values ranged from +3.5 magnitude to +2.4 magnitude.
Table 4.1 shows that the maximum saturation correction for the 30 group I
meteors was +1.8 magnitudes. This represents the information that would be lost
if the saturation correction were not applied. At the peak correction, the difference
between the observed unsaturated value and the corrected value varies, on average,
from 0.1 magnitudes to 0.3 magnitudes. This demonstrates the importance of proper
saturation correction, its variability and that our saturation correction technique is
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an effective way to account for all the light in saturated light curves.
4.5.2 Group II meteors
The main limitation of studying Group I meteors is that there is an upper limit to
the brightness of the meteors in this group due to the two stops difference in the
lens between the cameras, and we are therefore not testing the saturation correction
of the brightest meteors in the sample, since they saturate both cameras. In this
case, we don’t have a reference unsaturated light curve, but we can still test the
consistency of the correction by applying it to both observed saturated light curves.
Since the saturation level is different on the two cameras, the corrections applied
will be different, but if they produce the same corrected light curve we can have
confidence in our technique for brighter meteors too.
For each camera, the determination of the saturation starting point is crucial
since points which are unsaturated will not be corrected. This point is estimated
from the modelled correction curve. We noticed in the previous analysis that the
smallest correction term is around 0.4 magnitudes. The first modelled saturated
point whose difference with its equivalent modelled unsaturated point has an abso-
lute value greater than 0.4 magnitudes (meaning that most of the meteor contains
pixels with values greater than 253) will be considered the saturation starting point.
All observed values fainter than the saturation starting point are unsaturated and
therefore are not subject to any correction.
Among the 516 meteors collected on the two nights, we found 7 meteors which
saturated both cameras T and Q. Table 4.2 summarizes all the relevant information
about these group II meteors. Since we are now applying the model to meteors from
camera Q, we must take into account the background level of that camera as well.
On October 31, when camera T had a background of 50 ADUs, camera Q had a
background of 30 ADUs; on November 6, camera T had a background of 70 ADUs
and camera Q 50 ADUs. We again assumed a Gaussian standard deviation σ of 1
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Figure 4.26: Residuals between the
model-corrected saturated curves for T
and Q.
pixel for all meteors. The angular speed is the same for both cameras. Note that
these background differences do not affect measurements of unsaturated meteors.
As an example, 20081106-063244 is a very bright meteor which occured on
November 6, 2008 at 06:32:44 UTC. The angular meteor speed was 456.0 pix-
els/second. The two light curves and their corrections are shown in Fig. 4.25. The
peak observed brightness on camera T is +0.9 magnitude, and on camera Q, +0.2
magnitude. This clearly shows the different saturation levels on the two cameras
because of the difference in sensitivity. The maximum deviation between the cor-
rected light curve from camera T and the corrected light curve from camera Q is 0.5
§ 0.3 magnitudes, while the average residual between the two corrected light curves
is 0.3 § 0.3 magnitudes (Fig. 4.26).
Table 4.2 gives a summary of all seven meteors belonging to group II. The resid-
ual average between the two corrected light curves of from cameras T and Q ranges
between 0.2 and 0.3 magnitudes. The maximum deviation between the two correc-
tions remains below 0.8 magnitudes, which is larger than the deviation in group I,
probably due to the errors introduced when correcting both curves. The maximum
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correction for meteors of group II ranges from 0.9 magnitudes to 2.1 magnitudes, a
very significant correction because of saturation.
4.6 Discussion and Conclusion
Swift et al. (2004) is the only other work to attempt a correction for meteor satura-
tion in video systems and report the procedure in detail. While we suggest that their
technique applied to one night of observations during the 2001 Leonid storm gave
different masses from those obtained without it, we need to note they did not take
into account variations due to the background value of the camera and the angular
meteor speed which do affect the apparent magnitude of a meteor in an intensified
video system.
Our model was successful in correcting saturated light curves for group I meteors
so that they matched the observed unsaturated curves. Brighter meteors cannot be
directly compared with an unsaturated curve, but correction of two saturated curves
with different saturation levels for group II meteors showed agreement between the
two within error. Our saturation correction based on simulating the saturated me-
teors shows encouraging results even for very bright meteors.
In our total sample, only 7% of meteors saturated one or both cameras. Consid-
ering the small fraction of saturated meteors and the difficulty of reliably producing
saturation corrections, it is clear why the full correction has not been attempted.
Still, for those meteors which are saturated, our work has demonstrated that some
meteors require corrections of up to 2.5 magnitudes, which will introduce order of
magnitude errors into calculations of photometric mass if the correction were not
applied. Other systems may produce higher fractions of saturated meteors, making
the correction even more important. Our technique is also of value because it re-
quires only basic knowledge of the video system and meteor being corrected, so no
optical lab is required. Our technique does require the simulations to be redone ev-
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ery time the camera settings are modified, to account for the change in background
level, but since the model must be run for individual meteors this is not a significant
drawback.
From our results, we emphasize that fixed corrections for meteor saturation (not
taking into account angular velocity and changes in background levels) can be in
error by more than several magnitudes in some cases.
150
Bibliography
[1] Campbell-Brown, M. D., Close, S., 2007, MNRAS, 382, 1309
[2] Clifton, K. S., 1973, J.Geophys. Res., 78, 6511
[3] Cook, A. F., Weekes, T.C., Williams, J.T., Omongain, E., 1980, MNRAS, 193,
645
[4] Hawkes, R. L., 2002, in Meteors in the Earth’s atmosphere, Cambridge Univ.
Press, Cambridge, p. 97
[5] Hawkes, R. L., Jones, J., 1975, MNRAS, 173, 339
[6] Hawkes, R. L., Jones, J., 1986, Q. J. R. Astron. Soc., 27, 569
[7] Hawkes, R. L., Bussey, J. E., Macphee, S. L., Pollock, C. S., Taggart, L. W.,
2001, in Warmbein B., ed., Proc. Meteoroids 2001 Conference. ESA Publications,
Noordwijk, p. 281
[8] Howell, B. H., 2000, Handbook of CCD Astronomy, Cambridge Univ. Press,
Cambridge
[9] Jacchia, L. G., Whipple, F. L., 1961, Smithsonian Contr. Astrophys., 4, 97
[10] Jacchia, L. G.,Verniani, F., Briggs, R. E., 1967a, Smithsonian Contr. Astro-
phys., 10, 1
[11] Jacchia, L. G., Verniani, F., Briggs, R. E., 1967b, Smithsonian Contr. Astro-
phys., 11, 1
151
[12] Kaiser, N., Brown, P., Hawkes, L. K., 2004, Earth Moon Planets, 95, 579
[13] Myers, J. R., Sande, C. B., Miller, A. C., Warren, W. H., Tracewell, D. A.,
2001, Sky 2000 Catalog v4, Goddard Space Flight Center, Ycat 5109
[14] Swift, W. R., Suggs, R. M., Cooke, W. J., 2004, Earth Moon Planets, 95, 533
152
Chapter 5
Bulk density of small meteoroids
Accepted for publication as:
Kikwaya, J.B., Campbell-Brown, M.D., Brown, P.G., (2011), Bulk density of small
meteoroids, Astronomy and Astrophysics, Accepted: February 2011.
153
5.1 Introduction
Density is one of the most important physical properties of meteoroids. It is a
critical factor in modelling the risk meteoroids pose to spacecraft, and also helps
determine the physical structure and potentially the chemical composition of me-
teoroids’ parent bodies, comets and asteroids. However, it is difficult to determine
meteoroid density from meteor observations, because the meteoroid does not in
general ablate uniformly, and does not remain as a single body during its entire
flight in the Earth’s atmosphere. It experiences fragmentation, which, along with
its unknown shape, structure, and chemical composition, complicates any effort of
ablation modeling (Kikwaya et al. 2009).
Other factors influence the ablation of a meteoroid, including its entry angle,
speed, mass, ablation energy (energy required to ablate a quantity of mass of the
meteoroid), boiling temperataure, and bulk density (Campbell-Brown & Koshny
2004). Each meteoroid will have different ablation behaviour due to its composition,
structure, bulk density and size. For example, the beginning heights and lightcurve
shapes of faint meteors show significant variation, while larger meteors vary in end
height (Ceplecha et al. 1998). Koten et al. (2004) showed that the differences
in lightcurves and beginning heights among major video meteor showers can be
explained by differences in the chemical composition and physical structure of their
parent bodies.
Fragmentation complicates even further the determination of the physical proper-
ties of meteoroids, particularly density. The fact that meteoroids fragment is shown
by the difference between the meteoroid photometric mass and dynamic mass, ob-
served in the photographic Super-Schmidt meteors, and also in the short trail lengths
of Draconid meteors (Jacchia, 1955). According to the dustball meteoroid model
(Hawkes & Jones, 1975), fragmentation occurs before the process of ablation starts,
and the grains undergo intensive ablation after they have been released from the
main mass. The dustball model assumes meteoroids are composed of refractory
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grains held together by a “glue” with a lower boiling point; when this temperature
is reached the grains are released. Fragmentation also explains the production of
the physical wake in meteor observations. Grains of different masses, predicted by
the dustball model, decelerate at different rates, leading to an elongated luminous
region (Borovicka, 2005). Many video meteors observed with short exposures show
this wake (Fisher et al., 2000).
The process of fragmentation is complex, and there are several contemporary
meteoroid ablation models which try to formalize it. Campbell-Brown & Koschny
(2004) presented an ablation model which follows these steps: (a) the surface tem-
perature of the meteoroid reaches a certain critical point; (b) the binding matrix of
the meteroid disrupts (the penetration of the heat through the meteoroid is governed
by thermal conductivity); (c) grains are released (fragmentation). Kikwaya et al.
(2009) applied this model of ablation to six meteors with masses between 10−6 and
10−8 kg recorded with narrow-field intensified cameras. They evaluated the bulk
density by simultaneously fitting the lightcurve and the deceleration measurements
of each of them. They found densities ranging from 500 kg m−3 to 7200 kg m−3.
Borovicka et al. (2007) used a meteoroid ablation model based on these assump-
tions: (a) the separation of the meteoroid grains begins after a certain energy flux
(106 Jm−2) is delivered to the surface of the meteoroid; (b) the meteoroid gradually
fragments into grains during the first half of its trajectory; (c) small dynamic pres-
sures fragment the bulk meteoroid not disrupted in the previous step. This ablation
model has been successfully applied to six Draconids for which, for the first time,
deceleration and photometric measurements were available.
Jacchia (1955) surprisingly found that the dynamical mass of some faint mete-
oroids decreases more rapidly than the photometric mass as the meteoroid moves
along its trajectory, showing unexpected deceleration. To account for this, he intro-
duced the concept of progressive fragmentation (meteoroids fragment progressively
into smaller pieces during atmospheric flight). Bellot Rubio et al. (2002) found that
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visible forms of fragmentation (wake and terminal blending) can be present in the
lightcurves of some faint meteors showing deceleration anomalies.
Quantitative measurements of the meteoroid bulk density are difficult, since
variations in the way fragmentation is handled in modelling will change the inferred
bulk density. Ceplecha (1968) estimated the density of small meteoroids, based on
evaluating a parameter KB, which depends on the beginning height of the meteor,
the initial velocity and the meteoroid entry-angle. He classified meteoroids into
four categories (A, B, C, D), with densities ranging from A (asteroid parent body,
2700 kg m−3) to D (cometary parent body, 180 kg m−3). Babadzhanov (2002)
calculated the bulk density of 413 photographic Super-Schmidt meteors using an
ablation model based on quasi-continuous fragmentation (QCF). He found values
ranging from 400 kg m−3 to 7800 kg m−3. Bellot Rubio et al. (2002) pointed out two
questionable assumptions (see Kikwaya et al. 2009, for details on the discussion)
which led Babadzhanov to estimate these high densities, the most important being
the fact that Babadzhanov’s (2002) method was only based on fitting the lightcurve,
neglecting the meteoroid dynamics. Working on the same data, Bellot Rubio et al.
(2002), using the single body theory which neglects fragmentation entirely, found
bulk densities ranging from 400 kg m−3 to 4800 kg m−3. The complete model of
meteoroid ablation must take into account fragmentation and dynamical properties
of the meteoroids simultaneously (Borovicka, 2005), as described and applied by
Borovicka et al. 2007, and Kikwaya et al., 2009.
From these previous works, we see that estimating the density of a meteoroid is
a difficult task, but it is achievable by combining precise observations (both photo-
metric and astrometric measurements) and a complete model of ablation where all
the different processes of mass-loss are taken into account (Hill et al. 2005, Popova,
2004, Borovicka et al. 2007, Jones and Kaiser, 1966). Strictly speaking, this type
of analysis should produce a bulk density for meteoroids not as a single and unique
value, but instead as a range of possible solutions.
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The closest direct analog to small meteoroids to have directly measured densities
are IDPs. Love et al. (1994) measured the densitiess of about 150 5-15 µm sized
stratospheric IDPs (Interplanetary Dust Particles). Masses were determined using
an absolute x-ray analysis technique with a transmission electron microscope, and
volumes were found using scanning electron microscope imagery. They found that
unmelted chondritic particles have densities between 500 kg m−3 and 6000 kg m−3.
Almost half of the particles had densities below 2000 kg m−3, and porosity which
is significant, but less than 70%. IDPs with densities above 3500 kg m−3 contain
large sulfide grains. Melted chondritic particles (chondritic spherules) were found
to have densities near 3500 kg m−3. They find a peak in IDP density for a debiased
exoatmospheric population near 2000 kg m−3, with significant numbers up to » 7000
kg m−3 (see Fig. 5 of Love et al., 1994).
In this work, following Kikwaya et al. 2009, we use the dustball theory as
modelled numerically by Campbell-Brown and Koshny (2004), and we apply it to
faint (magnitude +2.5 to +6.0) meteors. We have explored the entire solution
space of each of 8 free model parameters, and we will produce for each meteor
typically hundreds of thousands of solutions. Each solution consists of a lightcurve
and deceleration curve (variation of velocity with height) which will be compared
to the observed lightcurve and deceleration. We use the reduced χ2c value of the
observed versus modeled astrometry and photometry as figure of merit (for a detailed
discussion of the use and application of the reduced χ2c value, see Bevington and
Robinson, 2003).
5.2 Observations and equipment
Data were collected with two or three stations in seven different runs between 2006
and 2009: one over six nights with two stations in Arizona, USA, in 2006; five runs
with two stations over fourteen nights in Canada from 2007 to 2009; and one run
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with three stations over two nights in Canada in 2009. Three different systems were
used: third generation (Gen III) intensified cameras, a digital Image Intensified CCD
camera with an electronically gated image intensifier (referred to hereafter as the
gated system), and a high resolution Gen III system, hereafter Cooke camera.
The Gen III cameras use ITT NiteCam model 380i microchannel plate image
intensifiers with 18 mm GaAs detectors. These are lens coupled to Cohu 4910 series
video CCD cameras, which are high performance, relatively sensitive, monochrome
CCD cameras with analogue output (Hawkes et al. 2001, Hawkes, 2002), having
480£ 640 pixels recording at 30 interlaced frames per second. We used two of these
systems, each with a 25-mm Fujinon f/0.85 lens as the objective. A single gated
system with integrated intensifier was used, with a 50-mm Fujinon f/0.75 objective
lens. The gated camera CCD had a pixel array of 1360 £ 1036 pixels and 14 bit
photometric depth. An internal electronic device, set by an external control box,
controls both the CCD exposure time and the rate of the gating. The gating rate
is much higher than the frame rate, so a meteor is broken into a series of dots
(see Figure 5.1). During all seven campaigns which used the gated system, the CCD
exposure time was set to 5 frames per second (5 Hz). From 2006 to 2007, we used 200
Hz for the gating, and from 2008 to 2009, to ensure that dots were well separated,
we used 100 Hz. The high resolution digital intensified CCD cameras, our third
system, used the same Gen III ITT intensifiers as the Gen III system lens coupled
to a Cooke pco.1600 CCD camera, which are run with a resolution of 1024£ 1024
pixels at 20 fps (progressive scan). These cameras have digital output and 14-bit
optical depth. Two of these were used, each with 50 mm f/0.95 Navitar objective
lens (see tables 5.1 and 5.2).
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Figure 5.1: Meteor 20090825-065903 recorded with the gated camera on August 25,
2009 at 06:59:03 UTC at Brussels, Ontario, Canada. The frequency of CCD was set
to 5 Hz and the frequency of the intensifier gating was 100 Hz.
5.3 Data and reduction
We obtained a total of 107 useful multistation meteors over all seven campaigns from
2006 to 2009. By useful, we mean that the triangulation geometry was good (large
angular separation of observing planes from the two stations), and the SNR was high
enough to make precise measurements. After each campaign, we searched the data
for simultaneous meteors, and checked if the meteor started and ended in the field of
view of at least one of the stations: all partial trails were rejected. When the gated
camera was used, we also required the meteor to be captured by the gated camera
to provide precise astrometric measurements. For photometric measurements, we
used only two systems: either the Gen III or high-resolution Cooke systems. The
gated camera was not used for photometry because the meteor images in each frame
are so close together that their photometric measurements blend into nearby meteor
“dots”.
For a better estimate of the photometric mass of the meteor, we added to the
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astrometric critera the requirement that the event should start in the field of view of
at least one Gen III or high-resolution system, as this gives a complete lightcurve of
the meteor. After applying these criteria, the total number of useful meteors went
down to 92.
5.3.1 Astrometry
We used standard astrometric techniques (Kikwaya et al. 2009) to extract the
positions of meteors by comparing them to the positions of stars. For the Gen
III systems, typical errors of 0.016◦ are found by comparing plate fits with actual
positions, which corresponds, at the Gen III resolution, to » 0.3 pixels. On the
gated system, the plate errors were approximately 0.007◦ (0.6 pixels) and on the
Cooke camera system, errors were around 0.012◦, or approximately 0.3 pixels.
The astrometric procedures used in Kikwaya et al. (2009) were also used in
this study. Briefly, the meteor positions were measured manually and the velocities
smoothed by choosing frames 5 to 25 points apart, depending on the system, to
clearly show the deceleration. The atmospheric trajectories were calculated using
the computer program Milig, based on the algorithm described in Borovicka (1990).
As an example, we compute the trajectory solution with Milig for meteor 20060503-
091349, recorded on May 3, 2006 at 09:13:49 UTC in Tucson, Arizona. The decel-
eration, necessary to constrain the model, was noticeable. The deceleration is more
obvious when we calculate the difference between the computed distance (assuming
a constant speed) and the observed distance (Fig. 5.2). The smoothed curve of the
velocity of the meteor 20060503-091349 is shown in Fig. 5.3. The uncertainty at
each point has been calculated for later use in comparing with the model data.
The pre-atmospheric velocity was determined by taking a linear least-squares
fit of the first 5 to 25 positions (equal to the number of points used in smoothing
the curve). The error on the pre-atmospheric velocity is the standard deviation
of the initial velocity on the two or three cameras which recorded it. For meteor
162
98100102104106108110112114
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
height (km)
lc
−
lo
 (k
m
)
20060503−091349
 
 
Traj S−T
Traj G−T
Traj T−S
Traj T−G
Figure 5.2: Plot showing the deceleration
of the meteor 20060503-091349. Here lo is
the observed length of the meteor along its
trajectory and lc is the calculated length
assuming a velocity of v=61 km/s (v= lc
t
, t
being the meteor time. Traj S-T is the tra-
jectory solution from camera S computed
using the cameras S and T; Traj T-S is the
trajectory solution from camera T com-
puted using the cameras S and T. Traj
G-T is the trajectory solution from cam-
era G computed using the cameras G and
T and Traj T-G is the trajectory solution
from camera T computed using the cam-
era G and T.
95100105110115120
50
55
60
65
70
height (km)
v
e
lo
ci
ty
 (k
m/
s)
 
 
Traj S−T
Traj G−T
Traj T−S
Traj T−G
Figure 5.3: Velocity profile of the meteor
20060503-091349. We have inserted error-
bars at each point along the trajectory.
The first points are simple point-to-point
differencing while the remaining points
are several points smoothed: 5 for Gen
III and 10 for gated camera (see Fig. 5.2
for legend).
163
20060503-091349, the pre-atmospheric speed was 61.30 § 0.99 km s−1.
The uncertainties for each velocity measurement (Fig. 5.3) come from the com-
bination of systematic and random error of the position picks for the meteor in each
frame. We found the systematic error by comparing the positions of 10 meteors,
reduced separately by 9 people. Each person introduces a different systematic shift,
which we found to be 0.6 pixels on average; this was adopted as the systematic
error for all the systems. The random error is evaluated from the observed standard
deviation of the points (residuals) for a two station solution, since this represents
the scatter about a line. The random error depended on the system: for the Gen
III cameras, the random error ranged from 0.2 to 0.3 pixels; for the gated camera,
it was between 0.4 and 0.6 pixels; and for the Cooke camera, the random error was
about 0.5 pixels. We added these two types of error to all measured points of each
meteor in a Monte Carlo simulation, which was run between 2500 to 5000 times
(each point had a gaussian error distributed according to these values). We were
then able to determine the uncertainty in position, height, range and velocity for
each meteor taking the camera-meteor-camera geometry explicitly into account.
The heliocentric meteoroid orbits were then computed using the methods of
Ceplecha (Ceplecha, 1987).
5.3.2 Photometry
We used standard routines for meteor photometry, comparing the integrated bright-
ness above background of the stars in a flat-fielded image to the brightness of each
meteor image (see Kikwaya et al., 2009). A total of about 100 stars are used in each
calibration; the V magnitudes are taken from the SKY2000v4 catalog (Myers et al.,
2001). Although the Gen III and the Cooke systems have a spectral response closer
to the R band than the V band (around 45% quantum efficiency in R compared to 35
% in V; also the stellar R magnitudes give a calibration fit with less scatter than the
stellar V magnitudes), we use the stellar V magnitudes to calibrate. The luminous
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efficiency (see Hill et al., 2005) used to compute the photometric mass of meteors
has been estimated in the panchromatic band, and not the red (Ceplecha et al.,
2000, Koten et al., 2006). To check for errors introduced when using V magnitudes
instead of R, we took a sample of meteor spectra from Borovicka et al. (2005), and
worked out an average correction factor to convert the R-band meteor magnitude
to a V-band meteor magnitude. This average (V-R) value was 0.72 magnitudes.
We calculated light curves in the R-band for a few of our meteors, and used the
correction factor to convert these to V magnitudes. We found that the lightcurves
were the same within our error as those found using the V-band calibration directly,
so we used the V-band calibration for all our meteors.
A typical error of 0.1-0.3 magnitudes is found for each star. It represents the
difference between the catalogue value and the calibration. At fainter magnitudes,
this error is dominated by counting statistics and shot noise in the intensifier. At
brighter magnitudes, the error is mainly due to uncertainty in the photometric
calibration. The combination of Poisson error and error in the calibration fit are
used to estimate the calibration uncertainty in the meteor magnitudes (see Kikwaya
et al. 2010). The lightcurve of each meteor is calculated as apparent magnitude,
and converted to absolute magnitude, defined as the apparent brightness the meteor
would have at a range of 100 km at the zenith.
The Gen III systems, with 8-bit pixel depth, were subject to saturation effects
for meteors +2.3 magnitude and brighter. The maximum pixel value in this case is
truncated to 255, and blooming occurs as the excess photoelectrons spill over into
neighbouring pixels. This saturation effect flattens the lightcurves of bright mete-
ors, which has serious consequences for attempts to fit the lightcurve. For the nine
meteors in our sample which were saturated through part of their lightcurves, a sat-
uration correction (Kikwaya et al., 2010) was applied to extract the true magnitude
for those frames. The typical maximum correction to a lightcurve was approximatly
+1 magnitude, a significant effect. Saturation was not a factor in the Cooke system,
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because of the much larger bit depth.
Figure 5.4 shows the lightcurve of the meteor 20060503-091349 from two Gen
III cameras.
5.4 Ablation Model
We use the dustball model of Campbell-Brown and Koschny (2004). It uses the
Clausius-Clapeyron formalism to consider mass loss before the boiling temperature
is reached, and allows the user to define the number and size of constituent grains.
The model considers three sources of energy:
1. energy imparted to the meteoroid by collisions with atmospheric atoms
2. energy lost from the meteoroid by radiation
3. energy lost through evaporation of the meteoroid material
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The equation of the momentum transfer from air molecules which collide with
the meteoroid is given by:
dv
dt
=
Γρav
2
m
A
(
m
ρm
)2/3
(5.1)
where ρa is the atmospheric density, ρm is the density of the meteoroid, and A is
the shape factor of the meteoroid, defined so that A(m/ρ2/3m ) is the effective cross
sectional area of the meteoroid. Γ is a dimensionless coefficient, varying between 0
and 1 and describing the proportion of momentum from air molecules transfered to
the meteoroid. The velocity of the meteoroid, output versus both time and height,
provides the deceleration.
The classical meteor ablation model considers mass loss to be proportional to the
kinetic energy imparted to the meteoroid. The ablation in our model starts as soon
as the surface of the meteoroid reaches the boiling temperature (e.g. Bronshten
1983), which means as the classical model of ablation suggests, when the ‘glue’
evaporates and grains are released. The classical equation of mass loss is then given
by:
dm
dt
= ¡ AΛ
2L
(
m
ρm
)2/3
ρav
3 (5.2)
where Λ, the heat-transfer coefficient, is equal to or less than unity, since the energy
expended on ablation cannot exceed the total kinetic energy of the oncoming stream
molecules (Bronshten, 1983), and L is the heat of ablation (energy that must be
delivered to a mass dm in order to melt and/or vaporize it).
The ablation model we use in our work considers ablation as soon as the me-
teoroid begins to heat, very high in the atmosphere. The mass loss is then calcu-
lated through Knudsen-Langmuir formula combined with the Clausius-Clapeyron
equation, adding a term like the classical formula to simulate spallation when the
meteoroid is very hot. The mass loss equation is evaluated as:
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dm
dt
= A
(
m
ρm
)2/3
ψ
Pa exp
(
Lµ
kBTM
)
exp
(
¡ Lµ
kBTB
)
¡ pv√
2pikBT
µ
(5.3)
where pv is the vapor pressure produced by sublimating meteoroid material and
ψ is the condensation coefficient, which gives the probability that an ablated me-
teor atom colliding with the surface will condense. For metals, ψ is 1: following
Bronshten (1983), ψ of stone (silicate) is considered to be 0.5. TB is the boiling
temperature of the meteoroid substance at sea level pressure Pa, and TM is the
meteoroid temperature (we note a typographic error in the equation 9 of Campbell-
Brown and Koschny (2004) where TB in the first expression term should be TM). T
is the fusion temperature. L is the heat of ablation, µ the average mass of a meteor
atom and kB the Boltzmann constant. For more details of this particular equation of
mass loss and the physical background behind its application, see Campbell-Brown
and Koschny (2004).
In our model, we adopt the classical assumption that the luminous intensity is
proportional to the kinetic energy lost by the meteoroid (see Campbell-Brown and
Koschny, 2004). For small meteoroids, the luminous intensity is proportional to the
mass loss rate as given in the following equation:
I = τ
dm
dt
v2
2
(5.4)
where τ is the luminous coefficient, v the meteoroid velocity.
5.5 Analysis
For each of our 92 meteors, we extracted the trajectory and light curve, and applied
our ablation model to simultaneously fit the observed lightcurve and deceleration.
Among the parameters used in the model, we have chosen some to remain fixed
and some to remain free. Fixed parameters include:
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1. the fusion point of the meteoroid grains (we constrain it to be 100 K less than
the boiling point of the meteoroid grains)
2. the condensation coefficient ψ [fixed to 0.5: condensation coefficient of stone
(silicates)] (Campbell-Brown and Koschny, 2004),
3. the emissivity of the meteoroid (fixed to 0.9)(Campbell-Brown and Koschny,
2004),
4. the terrestrial atmospheric density, provided by the MSISE-90 model (Hedin,
1991).
For each meteor, we search the entire free parameter space in two stages. The
first, broad search identifies the regions in which solutions are concentrated. For
this first step, we use a relaxed fit criterion requiring agreement between the model
and two thirds of common points in the lightcurve and four fifths of the measured
points in the deceleration, since the grain distribution is not varied at this step and
the shape of the lightcurve may be a poor fit. If all of the good solutions have
densities which are grouped within § 1000 kg/m3 (typical of the range of density
errors reported in other works, such as Babadzhanov, 2002, see table 1, Bellot
Rubio et al., 2002 see table 2, and Kikwaya et al. 2009 see table 10) we took the
best solution among them. Our figure of merit for defining the best model fit is
the model with the reduced chi-squared which is closest to unity. If we find good
solutions with a wider range in densities, we choose the best solution in each group
of similar density and attempt to find a “best” solution within each group. The
reason for beginning with this coarse search is the difficulty of determining the grain
distribution; if the number of solutions covering a reasonable range of each of the
other free parameters is merely prohibitive, the number including all possible grain
distributions is essentially infinite.
In the broad search, the approximate grain mass distribution index is estimated
using the work of Murray and Beech as a guide: they associated the shape of a
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lightcurve (characterized by the F-parameter) to a meteoroid mass distribution index
(Murray and Beech, 2000; see table 2). The grain mass distribution may not follow
the true mass index of each of our meteoroids, but it provides a starting point for
the broad search of parameter space. Murray and Beech (2000) assume the grain
mass index is self-similar to the meteoroid population mass distribution as a whole,
i.e. that the grain mass index is the same as the meteor mass index, s. With this
mass index, grains are distributed into three bins according to the method described
by Borovicka et al., 2007. Only three bins are used to minimize computing time,
which is already very large.
Once the best “coarse” solution is found in the broad search, the grain masses
are further modelled to give the best fit to the shape of the lightcurve and the
deceleration. If several best densities were found, this procedure was repeated for
each group of densities; in each case, it happened that we could rule out all but
one of the density groups at this stage, since no good match could be found for
the others. This grain distribution was then taken to be the final distribution for
a particular meteoroid. At this point, we have a best fit “coarse” density, but in
order to evaluate the error in this density measure, we will once again search the
entire free parameter space with a smaller range in density and higher resolution in
density (refined search). All solutions from the refined search are sorted by reduced
chi-squared using both the lightcurve and deceleration simultaneously, and those
with reduced chi-squared of one or less we adopt as the density distribution of the
meteoroid.
5.5.1 Broad search
Free parameters
In our first stage, the broad search, the free parameters of our ablation model include:
† grain mass and number of grains
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† density of the meteoroid
† heat of ablation
† boiling point of the meteoroid grains (Tboil)
† temperature at which the grains are released (Tlim)
† specific heat (Cp)
† average molar mass of meteoroid material
† thermal conductivity of the meteoroid
The range of values for each free parameter is described in Table 5.3.
In most models, Γ (drag coefficient) and Λ (heat transfer coefficient) are assumed.
Borovicka et al. (2007) set both parameters to unity; this was also the value assumed
by Fisher et al. (2000). Campbell-Brown and Koschny (2004) assumed Γ = 1 and
Λ = 0.5. We treat Γ and Λ differently during the broad search and at the refined
one. In the broad search, they are set to unity. When fitting the grain distribution,
we manually adjust Γ and Λ to improve the model fit. For the refined search, we
allow Γ and Λ to vary from 0.5 to 1.0.
Grain mass distribution
For the initial broad search, we used three grain masses for each meteor. The
smallest mass was close to the ablation limit, below which radiation will dominate
and the mass loss will be negligible. The other masses, and the number of grains in
each bin, were assigned according to the mass distribution index using the method
of Borvicka et al. (2007). The total mass was made to agree with the photometric
mass determined for each meteor. To determine photometric mass, we used the
luminous efficiency as described by Hill et al.(2005).
To determine a trial mass index for each meteor, we used the work of Murray &
Beech (2000), who related the F-parameter (a standard measure of the asymmetry
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of a light curve) to the mass index of grains which could successfully fit the curve.
Although this was often not the final grain distribution, nor a unique solution, it
did provide a useful starting point.
The F-parameter is defined as the ratio of the distance from the beginning to the
point of maximum brightness to the full length of the light curve: an F-parameter
smaller than 0.5 indicates the light curve peaks early, greater than 0.5 indicates
that it peaks late, and 0.5 represents a symmetrical lightcurve. For consistency,
the F-parameter is generally measured some fixed number of magnitudes below the
peak rather than from the true beginning and ending of the curve; we used the F-
parameter measured from 0.75 magnitudes below the peak. This value was chosen
because it allowed the parameter to be calculated even for faint meteors. Murray
and Beech (1999) reported values measured from three different magnitudes below
the peak: 0.5, 0.75 and 1.0.
The grain mass indices of our meteors were found to range from 1.50 to 2.85
using this approach. The smallest grains were typically 10−12 kg, and the largest
grains used were 10−9 kg.
Using the grain distribution above and the range of values for each free parameter
previously described, we computed about a hundred thousand models for each me-
teor, and compared the model lightcurves and deceleration to the measured curves
(Figure 5.4 and 5.3). We defined a good fit as one where the reduced chi-squared
between the model values for the lightcurve and velocity as function of height as
compared to the observations were less than or equal to unity. We accepted at this
stage an overlap of at least two thirds of points between the modelled values and
the observed ones. Figure 5.5 shows an example (meteor 20060503-091349) of the
density distribution of all solutions with χ2c < 1; there are solutions around densities
of 680 kg m−3, 920 kg m−3 and 1220 kg m−3.
If the best fits were closely grouped, we chose the one having the χ2c closest to
1 for both the lightcurve and deceleration for inclusion in the second stage refined
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Figure 5.5: All model solutions with χ2c • 1 after the initial broad search for meteor
20060503-091349.
search, described below. In some cases (» 10%), the best solutions formed isolated
groups separated in density by more than 1000 kg m−3. We then worked with the
best solution from each group. In all of these cases, only one of the groups survived
this stage; the others were eliminated because of unphysical parameters.
5.5.2 Refined search
Before beginning a second, more focused search for the best model fits, we adjusted
the best solution found during the broad search to better fit the photometry and
trajectory data. We forward modelled the grain distribution and slightly changed
the other free parameters until the best possible agreement was obtained. This is
similar to the procedure usually followed in meteor modelling: the advantage of our
methodology is that we had starting values for each parameter and we were able to
rule out other local minima as not producing good solutions based on χ2c values.
For meteor 20060503-091349, the best model solution is shown in Figure 5.6 for
the lightcurve and for the deceleration in Figure 5.7. The best fit grain distribution
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Figure 5.6: The best lightcurve fit for
the meteor 20060503-091349. The corre-
sponding density is 970 kg m−3.
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Figure 5.7: The best trajectory fit for the
meteor 20060503-091349 (see Fig.??.
Table 5.4: Grain distribution found from modelling for meteor 20060503-091349
for the broad search and as determined through forward modelling for the refined
search.
Broad search Refined search
# grains mass of each grain # grains mass of each grain
39278 6.60 £ 10−11 75767 0.93 £ 10−11
15358 1.11 £ 10−10 55130 1.11 £ 10−10
10146 1.40 £ 10−10 1198 1.15 £ 10−09
for this event is given in Table 5.4. The corresponding density is 970 kg m−3 and
the values of other free parameters are given in Table 5.5.
Using this approach we obtained the best fit density for each meteor, but we
proceeded with another search of the parameter space to define the uncertainty
range of this best fit density value. This time, we use a narrower range of densities,
clustered around the best fit, and a higher search resolution (steps of 100 kg m−3).
All solutions from this final search with χ2c • 1 for both the lightcurve and trajectory
were considered possible solutions for the meteoroid and define our uncertainty range
in density.
The density distribution of meteor 20060503-091349 (Figure 5.8) suggests that
the lowest possible density is 570 kg m−3, and the highest is 1170 kg−3. Using
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Table 5.5: The best fit values of the free parameters from the broad search and for
the final best solution for meteor 20060503-091349 from the refined search
Free parameter Broad search Refined search
Heat of ablation (J/kg) 9.0 £ 106 6.5 £ 106
Tlim (K) 1000 930
Tboil (K) 1800 1900
Specific heat (J/kg K) 1000 1400
Molar mass (atomic unit) 36 36
Thermal Conduct (J/m s K or W/m K) 0.5 0.5
Figure 5.8: The distribution of density solutions with χ2c • 1 for meteor 20060503-
091349. The best solution is 970+200−400 kg m
−3.
our methodology we find that meteor 20060503-091349 had a density of 970+200−400
kg m−3. This meteor was photometrically saturated, and when we ran the model
on the uncorrected lightcurve, the density was 480+170−130 kg m
−3, demonstrating the
importance of including saturation corrections fully in meteor photometry (Kikwaya
et al., 2010).
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Figure 5.9: Histogram showing the distribution of the best fit value for our meteoroid
densities from our model fit to data (92 meteoroids total).
5.6 Results and discussion
5.6.1 Origin of our meteoroids
Densities were computed for all 92 meteors. The densities ranged from 360+400−100 kg
m−3 to 5425+500−800 kg m
−3. The distribution of densities (Figure 6.1) shows three
peaks (though the number statistics are low) : one around 1000 kg m−3, one around
3000 kg m−3 and one around 5000 kg m−3.
Fig 6.1 suggests a major population we interpret to be meteoroids rich in some
form of Iron with densities ranging from 4150 kg m−3 to 5425 kg m−3. We make
this interpretation following the study of Borovicka et al., (2005), who found a high
percentage of meteoroids on Apollo-type orbits to have spectra indicating high Fe
abundance; our bulk density measurements support this interpretation. A second
population with average bulk density around 3000 kg m−3 we interpret to be similar
in structure to chondrites based on similarity of these density values to the mea-
sured bulk density of recovered chondritic meteorites (see Consolmagno and Britt,
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1998). This population has orbits which are like Jupiter-family comets (JFC) and
also span Apollo-type orbits, suggestive of a main asteroid belt origin. By far our
best represented population are meteoroids with relatively low density and Halley-
type (HTC) or Nearly isotropic comets (NIC) - these represent 55% of our entire
sample and range in density from 360 kg m−3 to 1510 kg m−3. One of the most in-
teresting results of our study is the apparent gap around 2000 kg m−3 - this suggests
that our sample does not contain many meteoroids with bulk proprieties similar to
carbonaceous chondrites. We caution that these relative population sizes should
not be treated as representative of the true mass-limited population weightings as
the HTC/NICs have higher impact velocities and hence we see “deeper” into the
mass distribution for HTC/NIC meteoroid population relative to the JFC/asteroidal
population.
To quantify the likely origin for our mm-sized particles, as a first step we can
use the Tisserand parameter relative to Jupiter to discriminate between meteoroids
of Jupiter-family comet / Halley-type / nearly isotropic comet origin or asteroidal
origin (Levison, 1996, Weissman et al. 2002, Borovicka et al. 2005, Christou, 2009).
The Tisserand parameter is given by:
Tj =
(
aj
a
)
+ 2
√√√√( a
aj
)
(1 ¡ e2) cos(i) (5.5)
where aj is the semimajor axis of Jupiter, a is the semimajor axis of the meteoroid,
and i and e are respectively the inclination and the eccentricity of the meteoroid’s
orbit. In broad terms, a Tisserand parameter less than 2 is characteristic of Halley
type comets (originating in the Oort cloud), 2 • Tj < 3 is characteristic of Jupiter
family comets (originating in the Kuiper belt) and Tisserand parameters greater
than 3 are typical of asteroidal orbits. This classification works for bodies which
are subject only to gravitational perturbations and whose orbits are dominated by
Jupiter. Both are good approximations at our large particle sizes as the Poynting-
Robertson lifetime for mm-sized particles is two orders of magnitude larger than
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the expected collisional lifetime (Grun et al., 1985). Further evidence that our
meteoroid sample is largely unaffected by Poynting-Robertson drag is the lack of
low eccentricity orbits, despite the fact that such orbits have much higher collisional
probabilities with the Earth.
Of our sample, 51 meteoroids (55%) had Tj < 2, 17 meteoroids (19%) had TJ
between 2 and 3, and 24 meteoroids (26%) had a TJ > 3 (Figure 6.3). Two of
our meteoroids (20070420-082356 and 20080911-075207) had nominally hyperbolic
velocities based on our procedure for computing initial velocity, but we observe that
the hyperbolic excess was less than the spread in initial velocity computed between
all three cameras in both cases. As both had low (<1000 kg m−3) bulk density and
were likely cometary we omit them from further analysis noting that their inclusion
to the large HTC/NIC meteoroid sample would change none of the conclusions which
follow.
It must be noted that the Tisserand parameter cannot unambiguously discrim-
inate these categories. There is some overlap close to the boundaries; also, a few
asteroids (sometimes called Damocloids) (see Borovicka et al. 2005) are on Halley-
type orbits, and some comets (notably 2P/Encke) have asteroidal-like orbits.
In our data comparing density with orbit-type, the clearest division is between
the HTC/NIC meteoroids and the objects on JFC or Asteroid-type orbits; mete-
oroids with Tj < 2 consistently have the lowest densities (smaller than 2000 kg
m−3 in all cases), while those with Tj > 2 had densities greater than 2500 kg m−3.
The division between Jupiter family comets and asteroids is less clear; while all
high-density objects (densities greater than 4500 kg m−3) had Tj > 3, objects of
intermediate density were found in both categories. This is similar to the distinct
albedo distribution versus Tj found by Fernandez et al., 2001. They suggest that
an old comet that loses all of its available volatiles or is covered by a mantle that
prevents sublimation of subsurface ice will appear observationally as a near-Earth
asteroid (NEA) or unusual asteroid (UA) (see Fig 5.10). The dynamical lifetime
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of short-period comets being about 10-100 times longer than the devolatilization
timescale (Levison and Duncan, 1994) allows one to observe extinct comets (as
near-Earth asteroids or unusual asteroids) before they can disintegrate or collide
with a planet. However, while Fernandez et al. (2006) finds that the albedo distri-
bution of JFCs match HTCs and NICs well, but are distinct from asteroidal objects,
we find the opposite trend with density, i.e. JFC related meteoroids appear to have
nearly chondritic bulk density and are not low density cometary objects which we
find exclusively with HTC and NIC-type meteoroids.
The most complete study of compositional variations among meteoroids at our
sizes was reported by Borovicka et al. (2005), who in studying the orbital distribu-
tion of meteors with different spectral characterizations, used three more parameters
to classify meteoroid orbits: perihelion distance, q, aphelion distance, Q, and inclina-
tion, i. Asteroids have aphelia inside Jupiter’s orbit, while most comets have aphelia
outside (see, for example, Figure 12 in Borovicka et al., 2005), although there are ex-
ceptions. High inclination objects tend to be cometary, while low inclination objects
may be asteroids or prograde comets.
Borovicka et al. (2005) divided meteoroid orbits into 5 classes based on a priori
expected physical differences:
1. (SA) Sun-approaching orbits: q < 0.2 AU.
2. (ES) Ecliptic shower orbits: Meteor showers having orbits on the boundary of
the Jupiter family and asteroidal objects; some of these would be classified as
asteroidal though there are some clearly cometary parent bodies.
3. (HT) Halley-type orbits: Tj < 2 or 2 < Tj < 3 and i > 45
◦.
4. (JF) Jupiter family orbits: 2 < Tj < 3 and i < 45
◦ and Q > 4.5AU .
5. (A-C) Asteroidal-chondritic orbits: Tj > 3 or Q < 4.5AU .
We use Borovicka et al. (2005) populations to examine our data and relate his
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Figure 5.10: Plot of known geometric
albedos vs. Tisserand invariant for Tj < 3
NEAs and UAs (green squares) and Tj >
3 NEAs and UAs (purple diamonds). Ac-
tive cometary nuclei are represented by
red circles. A vertical line marks the
dynamical boundary Tj=3. There are
57 high-Tisserand albedos plotted, 56 of
which are NEAs. The left panel shows
the entire range of Tisserand values, and
the right panel shows just the region near
Tj=3. The fraction of objects with comet-
like albedos differs greatly from one side of
the dynamical boundary to the other. A
large fraction of the objects with Tj < 3
or precisely with Tj between 2 and 3 have
comet-like albedos (from Fernandez et al.
2001).
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Figure 5.11: Tisserand parameter versus
density for our sample of meteoroids.
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compositional findings with our bulk density measurements. We found 9 meteoroids
(» 10% of the total sample) that belong to the class of Sun-approaching orbits (SA)
(Figure 5.12). Borovicka et al. (2005) separated these meteoroids into a distinct
class because they were, as a group, highly depleted in sodium compared to normal
meteor spectra. The authors attribute this to thermal processing of the meteoroids
when they are close to the sun. Although we cannot judge the sodium content
of our meteors, it would be plausible to expect trends in density with perihelion
distance, since thermal processing may include sintering of the meteoroid material,
with meteoroids becoming more compact as volatiles are lost or altered. Of the 9
meteors in the SA group, 6 have Tisserand parameters between 2 and 3, and 3 have
Tisserand parameters above 3; none of the meteoroids with Tisserand parameter less
than 2 are found in the SA group. The density of meteoroids belonging to this group
in our sample ranges from » 1000 kg m−3 to » 4000 kg m−3 (table 5.6), but most of
the low-q meteoroids have higher (>2500 kg m−3) densities. Whether this is due to
their parent bodies or to thermal effects is not clear. Our results are consistent with
the notion that low q meteoroids are sintered, but small number statistics prevents
us from stating this as a strong conclusion.
The inclinations of meteoroid orbits in the SA group are all close to the ecliptic,
except for meteoroid 20090902-085534, with an inclination approaching 150◦. From
its aphelion Q = 3.4, the orbit of the meteoroid 20090902-085534 is inside Jupiter. It
looks very much like a Halley type orbit (high inclination), possibly with a reduced
a due to a high ejection velocity from the sun-approaching parent comet when
near perihelion. Surprisingly, this meteoroid has one of the highest densities in our
sample (4495§ 600 kg m−3), but is highly unlikely to be of asteroidal origin, since it
is dynamically nearly impossible for asteroidal orbits to reach such high inclination.
It may be an iron-rich inclusion from a Halley type comet, or a thermally processed
meteoroid which has lost its volatiles and been sintered.
Our sample contained 24 meteoroids falling into Borovicka’s Asteroid-chondritic
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Figure 5.12: The perihelion distance versus bulk density for our observed sample.
The dashed line marks the boundary of meteoroid orbits with perihelion (q) below
0.2 AU identified by Borovicka et al. (2005) as being in the class of Sun-approaching
orbits.
class (table 5.7), five of which overlap with the SA group. The average density of
meteoroids in this class is 4100 kg m−3 (see figure 5.13) with a wide spread from
3000 - 5000. Of the 24 meteors, 22 satisfy the criteria because of their Tisserand
parameter (Tj > 3), and the other two because of their small (Q <4.5 AU) aphelia.
In our observations, 55% of meteoroids fall into the HT class of high-inclination,
cometary orbits (figure 5.14). Most of these meteoroids have low densities, with
a minimum density of 360+400−100 kg m
−3 and maximum density of 1510+400−900 kg m
−3.
There is one exception: the previously mentioned meteoroid 20090902-085534, with
an unambiguously cometary orbit but a very high density. Its perihelion is much
smaller than the other HT meteoroids, which may explain its very different physical
structure.
The fourth Borovicka class (Jupiter family orbits), are low-inclination cometary
orbits. We have 13 of these in our sample, including a 4th which overlaps with the
SA class. The average density of JF meteoroids in our sample is 3190+490−480 kg m
−3,
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Figure 5.13: Aphelion versus density for our meteoroid sample. The horizontal line
indicates an aphelion (Q) of 4.5 AU, below which meteoroids are expected to be of
asteroidal origin following Borovicka et al., 2005.
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Figure 5.14: The orbital inclination versus bulk density for our meteoroid sample.
The horizontal dashed line marks the boundary of meteoroid orbits with inclination
(i) above 45◦. Meteoroids with inclination i > 45◦ and 2 < Tj < 3 or Tj < 2 form
the class of meteoroids with Halley type orbits (HT) according to the scheme of
Borovicka et al. (2005).
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suggesting bulk properties akin to ordinary chondrites with low porosity. One of
these, meteor 20090825-061442, has a bulk density (ρ) less than 1000 kg m−3, but
also a low Tj; within error it can be placed in the HTC (Halley type comets) class.
This is perhaps our most significant result. We are sampling from a range of orig-
inal JF bodies (as the JFC meteoroids were observed from a wide range of radiants
over the course of the year). JFCs are believed to be derived from the Kuiper-Belt
and then being perturbed inward to become active comets, retaining their flat in-
clination distribution (see Fernandez, 1980 and recent review by Morbidelli, 2008).
In this scenario JFCs form in the outer part of the solar system and are not likely
collisional fragments of larger bodies - ie. they are expected to be primitive. Prior to
the sample return from 81P/Wild 2, expectations were that most material in JFCs
would resemble chondritic porous (CP) IDPs in chemistry; instead analysis of the
aerogel-captured particles from Wild 2 has shown that a large fraction of this JFCs
material is chondrite-like with abundant refractory material indicative of formation
of some of Wild 2 in the inner solar system (Ishii et al., 2008; Brownlee et al., 2006).
This refractory material was found from primary particles impacting aerogel which
originally had sizes estimated to be in the tens of micron range in most cases (Horz
et al., 2006).
Our findings suggest that the trend found for 81P/Wild 2 applies to other JFCs
and extends the existence of refractory-rich particles in JFCs up to mm-sized par-
ticles which in our model are comprised of micron - tens of micron-sized grains.
The implication is that the process which implanted refractory material in the JFC
population was ubiquitous (and not confined to 81P/Wild 2). Furthermore, we find
a clear distinction in the bulk density properties of cometary meteoroids originating
from JFCs versus those from HTC/NICs suggesting different formation locations
and/or evolutionary pathways.
In Borovicka’s final class, the ecliptic showers, we found four meteoroids, all
members of the Northern Iota Aquariids. If it were not for this class, all of these
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Figure 5.15: Inclination versus aphelion for meteoroid orbits with Tisserand param-
eter 2 < Tj < 3 nominally in the JFC (Jupiter family comets) class. The vertical line
denotes the boundary of meteoroid orbits with inclination i < 45, and the horizontal
line the boundary for meteoroid orbits with aphelion Q>4.5 AU. These meteoroids
constitute the class of Jupiter family orbits (see Borovicka et al., 2005).
meteoroids would fall into the asteroidal class because of the large Tisserand pa-
rameter. The average density of these meteoroids is 3200 kg m−3, so these objects
appear to be chondritic, similar to our findings for the Jupiter family material. The
fact that, if not for their shower association, these meteoroids would be classified as
asteroidal, suggests that many of the meteoroids in the asteroidal-chondritic class
may actually be from Jupiter family comets. Indeed the NIA shower is thought to
be part of the Taurid complex, linked to 2P/Encke (Brown et al., 2008).
5.6.2 Meteoroid strength and density
Meteor beginning height has been used in past work as a measure of the strength
of meteoroids in the millimeter size range (see Ceplecha, 1958, 1967,1968,1988,
Borovicka et al., 2005). For two meteoroids having the same pre-atmospheric ve-
locity, a stronger/denser meteoroid will start to ablate at a lower height than a
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weaker/low density meteroid. Fig. 5.16 shows the beginning height versus density
for the meteoroids in our sample, divided into five classes described in the previous
section. The figure clearly shows that meteoroids from the AC class, which have the
highest density, start at lower heights, while the HT meteoroids, with low densities,
have high beginning heights, trends entirely as expected.
We found that the beginning heights of meteoroids in our sample seem to be
mass-independent. This is in agreement with the work done by Koten et al. (2004)
on several meteor showers (see their Figure 3 on beginning heights versus photo-
metric mass of fainter Perseid meteors). For the size of meteoroids in our sample
with an average mass around » 10−6 kg, as predicted by dust-ball model (Hawkes
and Jones, 1975), there is no clear dependence between beginning heights and pho-
tometric mass. There is a clear relationship between beginning heights and velocity,
as expected (see Figure 5.19). HT meteoroids in our sample (low density material)
have high velocity and start to ablate very high in the atmosphere, whereas AC me-
teoroids have lower beginning heights, but high densities, again as found in earlier
works.
Figure 5.17 shows the plot of velocity versus density. The general trend of our
plot is that high density meteoroids (AC) have small velocities, and low density
meteoroids (HT) have high velocities as expected from their orbital properties and
the conditions of encounter with the Earth. The only meteoroid with a large velocity
and high density is meteor 20090902-085534, with a cometary, Sun-approaching orbit
whose origin and probable history have already been discussed. We observe that
the bulk density trends we see with velocity make clear that we are not biasing the
measurements due to limitations of our measurements; in general one expects high
velocity meteors to show the least deceleration and if we were not properly measuring
deceleration (or it was below our measurement precision) our model would tend to
show artificlally high bulk densities (all else being the same) which is the opposite
of the trend we see.
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Figure 5.16: Beginning height versus den-
sity of meteoroids of our sample. The me-
teoroids are divided according to the or-
bital classes defined above.
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Figure 5.17: Velocity versus density of me-
teoroids of our sample. The meteroids are
divided according to the orbital classes de-
fined above.
5.6.3 Comparison using the KB parameter
Ceplecha introduced a parameter, KB, which classifies meteoroids according to their
beginning height, while simultaneously taking into account their pre-atmospheric
velocity and the trajectory slope. The parameter is based on the assumption that
all meteoroids begin to be luminous at the same surface temperature and hence
beginning height will be a strong function of the meteoroid composition. Inclusion
of velocity and entry angle helps to remove the dependence on geometry of the
beginning height, and gives a parameter closely tied to the material strength of the
meteoroid. KB is defined as (Ceplecha, 1967):
KB = log ρB + 2.5 log v∞ ¡ 0.5 log cosZR (5.6)
where ρB is the air density at the beginning of the luminous trajectory, expressed
in g cm−3, v∞ is the initial velocity (pre- atmospheric velocity) expressed in cm s−1,
and zR is the zenithal angle of the radiant. Ceplecha (1988) used the KB parameter
to separate meteoroids in the mm to cm-size range into four populations:
1. group A: 7.30 • KB < 8.00
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2. group B: 7.10 • KB < 7.30
3. group C: 6.60 • KB < 7.10
4. group D: KB < 6.60
He associated group A with ordinary chondrite material, group B with carbona-
ceous chondrites, group C with dense and regular cometary material, and D with
weak cometary meteoroids (Ceplecha, 1988). Later, Ceplecha (1988) also added a
fifth group, Asteroidal, to the four mentioned here, for meteoroids with KB ‚ 8.
He also divided Group C into three subgroups based on orbital elements, but due
to our small number statistics, we treat these as one.
Equation 5.6 was developed and first applied to meteors photographed by Super-
Schmidt cameras (see Ceplecha, 1967, Ceplecha, 1988, Bellot Rubio et al., 2002).
For the fainter meteors observed by intensified video systems, the parameter KB
is calculated in the same way, but an offset of 0.15 is added (see Ceplecha, 1988)
because the KB criterion is based on meteor beginning heights, which depend on
the sensitivity of the camera. TV systems being more sensitive than Super-Schmidt
cameras (see Sarma and Jones, 1985), the meteors will be observed higher up, and
KB will be systematically shifted to lower values.
Fig. 5.18 shows a histogram of the KB values for our sample using a nominal
shift for our observations of +0.18 relative to that used by Ceplecha (1988). Two
clear peaks are evident: one around KB » 7.0, likely corresponding to group C; one
aroundKB » 7.8, which we believe is actually the A group. We note that the general
form of this distribution is similar to that found by Ceplecha (1967) for Super-
Schmidt meteors, but our peaks are offset by 0.18 from the Ceplecha (1967) peaks.
This is a larger shift than suggested for the TV data by Ceplecha (1988), but can
be understood as the improvement in sensitivity of modern electro-optical system
compared to the early ISIT systems used by Sarma and Jones (1985). The peak of
group D is not clearly visible, because only a few meteoroids in our sample belong
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Figure 5.18: Histogram of KB values of our sample. Two groups are clearly dis-
tinguishable: group A around KB » 7.8 and group C around KB » 7.0. The
nominal population demarcations follow Ceplecha’s (1967) bin sizes for each group
but shifted by +0.18.
to this group. There is no evidence for a distinct peak corresponding to group B in
our data. Group C contains most of the meteoroids in our sample (44%). Although
we have no meteoroids in Ceplecha’s asteroidal class (KB ‚ 8), we may still have
asteroidal material in group A, which overlaps significantly with Borovicka’s A-C
class. We do not find evidence for a distinct class B, but rather there seems to be a
continuum from class A to C. We do find a very clear distinction between the various
Ceplecha classes based on KB and Tj and bulk density supporting the notion that
physical differences are dominated by origin rather than evolution.
We can compare the average density of meteoroids in these groups found from
our data to previous results. Table 5.10 summarizes the results from five studies,
including ours. Three of the studies (Ceplecha 1966, 1967; and Bellot Rubio et
al., 2002) used Super-Schmidt data, for meteoroids slightly larger than those in
our data set. Ceplecha finds densities for these meteoroids which are nearly twice
those found by Bellot Rubio. The density calculation of Ceplecha (1967) is based
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on the Levin (1956) formula describing the meteoroid surface temperature τ(0, h)
at height h. For the analysis by Ceplecha (1967), τ is calculated at the beginning
height. Thus, Ceplecha’s densities are averages, and not derived from individual fits
to each meteor in his sample. Bellot Rubio et al. (2002) described the dynamical
and photometric behavior of individual faint meteors observed with Super-Schmidt
cameras by means of the single body theory to arrive at the densities values in
Table ??. Our values are larger than these other studies for Groups A, and D
which may reflect a physical change in meteoroid properties with mass or particular
differences between our model approach and these works.
5.6.4 Comparison of bulk density and meteoroid spectra
Borovicka et al. (2005) has argued that the dependence of beginning height on speed
is sufficient to recognize different material strength among different spectral classes
of meteoroids. In their figure 15, they clearly show that the average beginning height
of Na-free meteoroids and Iron meteoroids as being lower than other meteoroids. In
contrast, the Fe-poor meteoroids tend to have higher beginning heights.
Fig. 5.19 based on our data, shows the same relationship between beginning
height and speed using the 4 classes identified by Borovicka et al. (2005). Fig. 5.20
also shows the same relationship, but for the 4 groups according to Ceplecha’s
classification. Group A is clearly concentrated in the lower part of the thick line.
There are 4 meteoroids of group A at high velocity. This might be smeared by the
zenith angle of the radiant. Groups C and D are all concentrated in the upper part
of the thick line, as expected. We found 5 meteoroids with beginning heights below
» 90 km (Fig. 5.19). They all belong to the AC (Asteroid-chondritic) class and
are likely iron-rich (following Borovicka et al.,2005), based on their density. The
same meteoroids in Fig. 5.20 fall into the A-group, whose average density from our
analysis is 3800§ 800 kg m−3 (see Table 5.10).
The sun-approaching meteoroids (SA class) with perihelion q • 0.22 AU have
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Figure 5.19: Meteor beginning height as a function of initial velocity for our sample.
Different classes of meteoroids are shown using different symbols (AC,HT,SA, and
JF following the classification of Borovicka et al.,2005).The solid line and two dashed
lines mark the mean beginning of average strength meteoroids and their limits. The
equation of the empirical mean line is hB = 58 £ v0.156 (see Borovicka et al. 2005).
no sodium in their spectra according to Borovicka et al. 2005. In Fig. 5.20, these
meteoroids appeared to be spread over three different groups (A-group, C-group and
D-group). We cannot then attach to them a unique average density. This is a conse-
quence of the fact that SA meteoroids evolve from different dynamical populations
and hence likely have very different starting compositions, and structures. They
all have thermal heating in common, but the final products are still quite different.
Indeed, while most SA densities are high, supporting the notion that evolution dom-
inates over origin for this population, at least one has a low density and probable HT
origin suggesting this is not the case. Our Fe-poor meteoroids with higher beginning
heights all can be easily assigned to the HT class (Halley type orbits) (Fig. 5.19).
They also belong to the C-group which has an average bulk density of 1000 kg m−3.
They are all likely cometary meteoroids.
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Figure 5.20: Meteor beginning height as a function of initial velocity. We have plot-
ted Ceplecha’s classes of meteoroids in our sample (A-group, B-group, C-group,
and D-group).The solid line and two dashed lines mark the mean beginning of
average strength meteoroids and their limits, with the empirical mean line being
hB = 58 £ v0.156 (see Borovicka et al. 2005).
5.6.5 Interpretation of meteoroid physical properties
In broad terms our meteoroid bulk density results can be broken down into a high
density class (density ‚ 3000 kg m−3) and low density (density • 2000 kg m−3) class.
For the former particles, a high density is required for constituent grains. Indeed,
most of these particles have bulk densities reminiscent of chondritic objects within
our uncertainty. A few of the densest objects have significantly higher modelled bulk
densities. As Iron is the most cosmochemically abundant element with a bulk density
in this range, we presume this is a major component, though the mineralogy is quite
unconstrained. These so called “iron” meteoroids have density values most closely
matching stony-iron meteorites, which have grain densities around 4820 kg m−3, and
porosities of 6% (Consolmagno and Britt, 1998, Table 1, Britt and Consolmagno,
2003, Table 5). It is possible that these high density (ρ > 4000 kg m−3) meteoroids
may be related to IDPs with sulfide inclusions, described by Love et al. (1994).
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From our measurements, these make up a large fraction of the meteoroid population
at mass (m) » 10−6 kg, possibly even higher than at IDP masses (10−8 kg) (see
figure 1 of Love et al.,1994).
Our A group contains mostly material with chondrite-like bulk densities, which
for bulk meteoroid samples has a grain density of typically 3640 kg m−3, and average
porosity » 10% (Britt and Consolmagno, 2003). These meteoroids mappear to most
closely resemble chondritic - filled (CF) IDPs (Bradley et al., 2003). The density of
HTC/NIC - related particles we find to be (350-1500) kg m−3. This is close to that
of many IDPs which have an average density of 600 kg m−3, indicating appreciable
porosity (Love et al., 1994). The cometary meteoroid bulk density is consistent with
the bulk density inferred for the several cometary nuclei (see Asphaug and Benz,
1996; Davidson and Gutierrez, 2004, 2005) suggesting microporosity could dominate
cometary nucleus structure for HTC/NICs. However, we caution that most of these
measurements are for Jupiter-family comets.
The aei plot of our samples (Fig. 5.21) compared to Figures 4 and 6 of Bottke
et al. (2002) shows a concentration of meteoroids originating from the ν6 secular
resonance, and the 3:1 mean motion resonance. This suggests that most of these
objects are asteroidal. Their density is uniformly high, as expected of asteroidal
material.
We have also examined the relationship between our estimated bulk densities
and meteoroid orbits as a function of the various parameters which are fit in our
model. This included examining trends in the heat of ablation, boiling point, tem-
perature at which the grains are relased, specific heat, average molar mass and
thermal conductivity of the meteoroids as of function of bulk density and (sepa-
rately) orbit-type. We found that most parameters showed no strong correlation,
except thermal conductivity and bulk density.
When plotting thermal conductivity versus bulk density of our sample (Fig-
ure 5.22) (we took the average of thermal conductivity in density bins of 1000 kg
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Figure 5.21: Plot of aei of our sample for meteoroids with semi-major axis a • 4.2
AU, and inclination i • 80◦.
200
0 1000 2000 3000 4000 5000 6000
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.55
Density (kg/m3)
T
he
rm
al
 c
on
du
ct
iv
ity
 (W
/K
 m
)
Figure 5.22: Plot of thermal conductivity versus bulk density of our sample. The
data are binned in approximately 1000 kg m−3 steps (indicated by the extent of the
horizontal error bars and the vertical error bars are the standard error of the mean
in that bin).
m−3 sizes), we find that thermal conductivity has a correlation with bulk density, as
expected. All our low density meteoroids have low thermal conductivity suggesting
their porous property, consistent with the thermal conductivity value assumed by
Vokrouhlicky and Farinella (2000) for porous and fragmented rocks in their work on
efficient delivery of meteorites to the Earth.
5.6.6 Meteor showers
Our dataset has two noticeable shower populations: one around geocentric right
ascension αg » 50
◦ and geocentric declination δg » 60◦, another around αg » 350◦
and δg » 2
◦. We used the catalog of meteor showers published by Brown et al.
(2010) to identify the two concentrations of radiants: 10 meteoroids belong to the
Perseids (αg = 52.17
◦, δg = 58.07◦, vg=61.9 km s−1), and another 4 meteoroids to
the Northern Iota Aquarids (αg = 352.25
◦, δg = 1.84◦, vg=28.7 km s−1).
We find the average bulk density of Perseids in our sample to be 620§ 200 kg
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m−3. This average bulk density is close to the value of 600 kg m−3 found by Bellot
Rubio et al. (2002) but somewhat smaller than the 1300 kg m−3 value reported
by Babadzhanov, 2002 (see also Borovicka, 2005, Table 3). The 4 Northen Iota
Aquarids found in our sample have an average bulk density of » 3200§ 400 kg m−3.
Their KB values put them in the A-group. Their Tisserand parameters are below
3, except for one (20090825-070044) whose Tj = 4.184. From this small sample it
appears that the Northen Iota Aquariids have closer affinities to chondritic bodies
than low density cometary objects. Their high density may reflect a small q in the
past, and perhaps also a JF /(Encke) origin.
5.7 Conclusion
Our study combined very precise meteor observations with a complete model of
meteor ablation to estimate the bulk density of very small (mean mass » 10−6 kg)
optical LLLTV meteoroids. Of 107 meteors captured with three different TV sys-
tems, 78% showed noticeable deceleration, an important constraint for the ablation
model. While some meteors (9 in total) saturated our Gen III cameras, a technique
for saturation correction was applied in order to get an accurate photometric mass;
without this correction, there would be significant error in meassured photometric
mass and bulk density.
We were able to compute the bulk density of 92 meteoroids using a model of
meteor ablation based on the work of Campbell-Brown and Koschny (2004), where
we required that the complete observed lightcurve and deceleration be fitted simul-
taneously to the modeled lightcurve and deceleration. We found that our values
of bulk density covered the entire range of possible meteoroid bulk density values:
from very porous cometary bodies (low density) to very high values, consistent with
asteroidal bodies made largely of iron in some form.
We were able to identify in our sample the 5 different classes used by Borovicka
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et al. (2005): (AC): asteroidal and chondritic orbtis, (SA): Sun-approaching orbits,
(JF): Jupiter family orbits, and (HT): Halley type orbits. Meteoroids with orbits
belonging to the Ecliptic shower class were all members of the Northen Iota Aquariid
shower. The average density of meteoroids whose orbits belong to the (AC) class was
found to be 4200 kg m−3, suggesting that they are asteroidal bodies with substantial
iron content.
Meteoroids with Jupiter family orbits (JF) have an average density of 3100 kg
m−3. This is also the average bulk density for the 4 meteoroids with orbits belonging
to the Ecliptic shower orbits (ES), consistent with the notion that the NIA derive
from 2P/Encke. Both categories (JF and ES) are physically chondritic-like. The
high bulk density of JFC-type meteoroids is an unexpected result. Current models
suggest JF meteoroids have undergone more thermal processing than HTC or NIC-
related meteoroids, the high bulk densities we find for JFCs are most consistent with
chondritic-like meteorite properties or porous bodies with highly refractory inclu-
sions. The latter interpretation is supported by observations of high bulk density
IDPs (Love et al., 1994), some of which approach 7000 kg m−3, and the fact that our
observed lightcurves cannot be reproduced by single body ablation of a solid chon-
dritic stone. The existence of exclsuively high density meteoroids within this class
is perhaps also related to longer collisional lifetimes of such particles. Whether such
high bulk densities for small meteoroids from the JFC population as a whole are
consistent with the early results from the stardust analysis of 81P/Wild 2 remains
an open question (see Ishii et al., 2008), but the clear requirement for a substantial
refractory component to match our high bulk densities supports the notion that
many JFCs have incorporated substantial amounts of material formed in the inner
Solar System. A possible interpretation of this result is that the process of radial
transport of refractory material outward at the time of solar system formation was
a common process for materials up to tens - hundreds of microns in size, supporting
models of nebular formation which suggest radial transport was an integral part of
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protoplanetary disk dynamics (Ciesla, 2007). Alternatively, the JFCs as a popula-
tion formed much closer to the sun than previously thought.
Meteoroids of the HT (Halley type) class have a minimum bulk density of 360+400−100
kg m−3 and a maximum value of 1510+400−900 kg m
−3. These bulk densities are consistent
with that found for CP and cluster IDPs (Bradley, 2003). They are also consistent
with our notion of cometary bodies. SA (Sun-approaching)-type meteoroids show a
wide spread in their densities, ranging from 1000 kg m−3 to 4000 kg m−3.
Our lack of significant numbers of meteoroids with densities of » 2000-2500 kg
m−3, consistent with carbonaceous chondrites, is also puzzling. While it is possible
number statistics are partially responsible, this seems unlikely for a dataset ap-
proaching 92 meteoroid density measurements. On the surface, it suggests few truly
carbonaceous-type materials in pure form at our sizes, in contradiction to earlier
work by Ceplecha (1988), who suggests » 1/4 of the total meteoroid population at
these masses had density » 2000 kg m−3, but this was an inferred theoretical value,
rather than directly measured.
We were also able to identify in our sample the 2 principal groups according
to Ceplecha’s classification (Ceplecha, 1988): A-group, C-group, with hints of the
D-group. We find no evidence for a separate peak belonging to Ceplecha’s (1967) B-
class, which he associated with carbonaceous chondrites. The average bulk density
was found to be 4700 kg m−3 for the A-group (asteroidal meteoroids), 1000 kg m−3
for C-group, and 600 kg m−3 for D-group. These values are close to those adopted
by Ceplecha (1966, 1968), based on photographic Super-Schmidt meteors. They
are quite different from the average bulk density values of Ceplecha (1988). Two
possible reasons for these differences are that we use different assumptions and a
different model of ablation; as well the luminous efficiency we use is different.
We detected two different meteor showers in our sample: Perseids (10 meteoroids,
» 11% of our sample) and Northern Iota Aquariids (4 meteoroids). The average
bulk density of Perseids was 620 kg m−3, close to Bellot Rubio et al’s bulk density
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value. It is consistent with the HTC origin of Perseids, as expected.
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Chapter 6
Conclusions and Future Work
6.1 Conclusion
In the preceding chapters, a new method and technique has been applied to meteor
observations in an effort to estimate the bulk density of meteoroids in the mass range
of 10−5 to 10−8 kg. We used both dynamic and photometric observations of mete-
oroids to determine their bulk density, using a complete model of meteoroid ablation,
including fragmentation. Our method has two advantages over previous methods.
First, it uses both dynamics and photometry, addressing Borovicka (2005)’s concern
with the work of Bellot Rubio et al. (2002), for not taking into account the frag-
mentation process in their estimation of meteoroid densities; and with Babadzhanov
(2002) who neglected meteoroid dynamics in his approach of determining the bulk
density of meteoroids. Second, it searches the full parameter space to make sure
that the density limits we determine from the model cover the entire possible range
of density; previous studies of meteoroid density have confined their search around
a single model solution which matches the observations (either dynamical or photo-
metric, but not both simultaneously), neglecting the fact that other combinations of
the free parameters might provide equally good fits. Meteoroid densities from our
model are given as a region where possible solutions fall, taking into account every
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different combination of free parameters.
One of our model assumptions is that the grain density is the same as the bulk
density meaning zero porosity. Other authors (e.g. Babadzhanov and Kokhirova
(2009)) have examined density and porosity of small meteoroids, but we dont try to
determine the grain density. We recognize this is a limitation of our current model
approach. We will try to address this in our future work.
The investigation of our 92 meteors shows that 53 % of them are seen before the
grain release, 34 % during the grain release and only 13 % after the grain release.
So the majority of the time grain release occurs after the meteor becomes visible.
This work was possible because of precise observations and a complete ablation
model. We gathered our data using four different video systems (Gen II, Gen III,
Gated camera, and Cooke camera), with image sizes ranging from 640£ 480 to 1360£
1036 pixels, and image scales ranging from 0.01◦ per pixel to 0.05◦ per pixel. This
resolution is capable of showing small decelerations, which an important constraint
in meteoroid ablation models. We also used a new photometric method based on
quantum efficiency of the instruments. Gen III cameras, with 8-bit pixel depth
images, are easily saturated by meteors of +2.3 magnitude and brighter. We applied
a saturation correction on these meteors to estimate their true magnitude, in order to
get an accurate photometric mass. In some cases, the correction was +1 magnitude
or more (Kikwaya et al. 2010). When this effect is neglected, the photometric mass
is underestimated and, with it, the bulk density. Our complete model of meteoroid
ablation is based on the model described by Campbell-Brown and Koschny (2004). It
is based on (a) thermal fragmentation (release of grains at a specified temperature),
(b) conservation of momentum, giving an estimation of deceleration, (c) mass loss,
which takes into account all different processes of ablation, notably spallation and
evaporation, and (d) light production, used to simulate the meteoroid lightcurve.
Applying our method to six meteors between 10−7 and 10−8 kg, captured with
Gen II camera systems (chapter 3 of this work), we noted that taking fragmentation
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into account does not necessarily lead to higher bulk densities, as it appeared to
do in Babadzhanov’s work (Babadzhanov, 2002). The main reason may be the fact
that many parameters which were fixed by Babadzhanov (2002) are kept free in
our work, notably the heat of ablation. We also found that the proportion of small
meteoroids with high densities is underestimated. These high density meteoroids
may be the remains from collisional grinding of asteroids with ordinary chondrite
compositions. Horz et al. (2005) demonstrated in the lab that the process of impact
can lead to the production of nearly pure iron particles.
With a narrow field of view (» 6◦ with a scale of » 30′′ per pixel, which is » 10 m
per pixel, approaching photographic resolution) and very high sensitivity, the Gen II
instrument is able to capture very faint meteoroids. The drawback is that only short
trails ablating very low in the atmosphere and therefore having high density begin
and end in the field of view, and are therefore selected for modelling. To enlarge
our search, we used instruments with fields of view in the range of 15 to 30 degrees,
able to record longer trails (Gen III, Gated Camera, and Cooke cameras). In high
velocity meteoroids with long trails, the kinetic energy is used more in ablation
processes than in producing deceleration, but we found that » 80% of our sample
showed noticeable deceleration (chapter 5 of our work).
We estimated the bulk density of 92 meteors captured with video systems with
large field of views (Gen III, Gated camera, and Cooke cameras), by simultane-
ously fitting the observed deceleration and lightcurve using the ablation model of
Campbell-Brown and Koschny ( 2004). The results are shown in Fig. (6.1). The val-
ues of bulk density range from 380 kg m−3 to 5450 kg m−3. Three distinct peaks are
present: one around 950 kg m−3 corresponding to cometary meteoroids, one around
3000 kg m−3 associated with asteroidal-chondritic meteoroids, in good agreement
with the bulk density of stony meteorites (see Consolmagno and Britt, 1998; Britt
and Consolmagno, 2003), and one around 5000 kg m−3 which we believe corresponds
to meteoroids with have high iron content (Borovicka et al. 2005) and/or sulfide
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Figure 6.1: Bulk densities of meteoroids
from our sample.
Figure 6.2: Estimated relative exoatmo-
spheric density distribution (from Love et
al. 1994).
content (Love et al. 1994). Direct measurements of the density of meteoroids closest
to our size range have been done on IDPs (Interplanetary dust particles). Love et al.
(1994) estimated the bulk density of these IDPs (particularly exoatmospheric IDPs)
and found values ranging from » 50 kg m−3 to » 7000 kg m−3 (Fig. 6.2). They found
that IDPs with very high bulk densities have high sulfide content. The high bulk
densities we found for some meteoroids in our sample are also in agreement with
the bulk density of some stony-iron meteorites, particularly pallasites, whose bulk
density is reported by Consolmagno and Britt (1998), and Britt and Consolmagno
(2003) to be » 5000§ 200 kg m−3, with a porosity reaching 6%.
To link each meteoroid to its origin, we calculated its orbital elements (Ceplecha,
1987) and computed the value of its Tisserand parameter (Tj). We put meteoroids
from our sample in three different groups: TJ • 2 (cometary origin), 2<Tj < 3
(Jupiter family origin), and Tj ‚ 3 (asteroidal origin) (Fig. 6.3). As we cannot
unambiguously distinguish meteoroid origin using only the Tisserand parameter, we
adopted the Borovicka et al. (2005) classes to group meteoroids from our sample.
We found that meteoroids belonging to the HT group had densities ranging from
380 to 1510 kg m−3. They have a cometary origin, from their orbits. The average of
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Figure 6.3: Tisserand parameter versus density of meteoroids from our sample.
A-C meteoroids is 4200 kg m−3, consistent with an asteroidal origin. Some of them
do have very high densities, suggesting that they have significant iron or sulfide
content. We found four ES meteoroids, all belonging to the Northern Iota Aquariids;
their average density is 3200 kg m−3. This value is consistent with the fact that this
shower is associated with 2P/Encke. SA meteoroids have a wide range of densities,
suggesting that they have different origins. In addition to the NIA shower, we also
found members of the Perseid stream. The average density of our 10 Perseids is 620
§ 200 kg m−3, consistent its HT-type parent, comet 109P/Swift-Tuttle.
The most surprising result in our bulk density measurements is the very high
value of JF meteoroid bulk density. We found 13 JF meteoroids in our sample,
and their average density is approximately 3100 § 300 kg m−3, suggesting that JF
meteoroids contain an important fraction of refractory material, and have more
chondritic than porous cometary composition. A similar result was reported from
measurements of 81P/Wild 2 by the Stardust mission (Brownlee et al. 2006, Ishii
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et al. 2008). Our results show that Wild 2 is not the only JF comet with refractory
material, implying that this may be characteristic of this class of objects in general.
If this is so, there is a need to revisit the present ”Nice” model of solar system
formation, where JFCs originate from the Kuiper belt, to a new scenario where
JFCs are formed in the inner solar system.
6.2 Future work
Aside from the fact that we need to increase our sample size (we note that there
is a project currently under way in the meteor physics group, which automatically
collects data from meteors detected simultaneously at two different sites: Elginfield
and Tavistock in Ontario, Canada), future work needs to focus on two directions:
the first will be to improve the implementation of the ablation model, and the second
will be to select useful targets for future observations.
In the present state of the model, we do two thorough searches to find the
region where the distribution of the bulk density of the meteoroid may fall. The
next goal should be to search just once, automatically, and produce the final results
without human intervention. This project will require a method which automatically
explores the parameter space to find the deepest minimum without running even
hundreds of thousands of meteoroid solutions. We will need from the beginning to
set very small steps of each free parameter.
For future observations, some of the most interesting targets are meteors from
major meteor showers. In particular, we are interested in those which are associ-
ated with Jupiter family comets like 2P/Encke, for example the Taurids and North
Iota Aquariids, to confirm our finding that JF meteoroids contain significant refrac-
tory material and have a bulk densities which place them closer in composition to
asteroidal meteoroids than cometary meteoroids.
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Appendix A
Properties of meteoroids of our
sample
We give here the properties of meteoroids of our sample (chapter 5), according to
our ablation model. The values are those of the best model fit from the refining
search. For each event, we give the observed and modelled values.
The observed values are:
† Date(UTC) (YYYYMMDD:HH:MM:SS)
† Observed photometric mass (kg)
† Observed peak magnitude (magnitude): the brightest point along the mete-
oroid trail.
† Perihelion (AU)
† Aphelion (AU)
† Semi-major axis (AU)
† Eccentricity
† Inclination (◦)
218
† Argument of periapsis (◦)
† Longitude of the ascending node (◦)
† Velocity (geocentric) (km s−1)
† Velocity (helion) (km s−1)
† Velocity (inifinity) (km s−1)
† Beginning height (km)
† Maximum height (km)
† Ending height (km)
† Average Range (km)
† Radiant Right asc (geocentric) (◦)
† Radiant Declination (geocentric) (◦)
† cos zenithal angle
† Angle of intercept (◦)
† Tisserand Parameter
† Heat of ablation (Jkg−1)
† Tlim (K)
† Tboil (K)
† Specific heat (Jkg−1K¡ 1)
† Molar mass (atomic unit)
† Thermal conductivity (W m−1 K−1)
† Density (kg m−3)
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Appendix B
Decelerations and lightcurves of
meteoroids of our sample
We give here the curves (decelerations and lightcurves) of meteoroids of our sample
(chapter 5), according to our ablation model. The model fit is actually the best
model fit from the refining search.
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